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1 Some differential geometry basics

1.1 Vectors, covectors and tensors

We start with a curved manifold. Let v be a curve on that manifold consisting of the points x*(\)
and parameterized by A. A scalar field f(z) changes along the curve according to
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The vector u* is tangent to the curve (see fig. 1).
U< A

Figure 1. A tangent vector u* to the curve ~.

We call f, a covector or dual vector. Vectors and covectors are defined via their transformation
properties. In an arbitrary different coordinate system with coordinates z#’ we can see that
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we call a vector and every quantity B, that transforms as
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we call a covector or dual vector. Note, that the product of a vector with a covector
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is a scalar. There can be objects that carry more than one index. If each of their indices transforms
as either a vector or covector, these objects are called tensors. E.g. an object Cg” that transforms
as
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is called a rank 3 tensor (3 indices) with two covariant indices and one contravariant index. There is
one rank two tensor of immediate interest: the metric tensor g,,,.. It transforms vectors to covectors
(it “lowers indices”) in the sense that

A= guA”

which is its defining property. Its inverse is denoted by ¢g** and is also called the metric tensor.
Since it is the inverse of g,,,, we have

gw)guo — 6H0'

One important thing to remember is that vectors themselves do not live in the manifold (they live
in its tangent space). Just think of a tangent vector to the surface of the sphere to get the idea.

1.2 The covariant derivative

Let us now define the basic concepts that will allow us to do physics. We obviously need to compare
various quantities along the curve -y - like the scalar field f we had previously. But we will need to
also compare vectors, so let us define a vector field A* and let us compare the vector A*(P) with
the vector A#(Q) on two points P anf @ on the curve v (see fig. 2).
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Figure 2. Comparing two vectors along a curve.

If we assume that P:z* and @Q:z* 4 da* are infinitesimally close, we can compute the naive
difference

d4° = A%(Q)— A(P)
= A%zt 4 dat) — A%(z") (1)
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We can see that the derivative A ,, does not transform as a tensor. The first term in the last line
of (2) alone would be the proper transformation for a tensor. The second term however spoils this,
and that should actually not come as a surprise. We are comparing tangent vectors at different
points, so they don’t even live in the same (tangent-)space. In order to compare them properly, we
have to say how the two tangent spaces should be mapped onto each other to make a comparison
possible (the usual terminology is: how to transport one vector to the place of the other). If we
properly transport the vector A* from P to @) then the derivative should transform as a covariant
index - just like it does for scalars (which don’t have this problem as they have no orientation).

Let us now assume that we have a procedure to transport A%(Q) back to the point P, resulting in
AZ(P). We can then uniquely compare it to A%(P) and obtain

DAY= A3(P) — A%(P) = A%, ,dz"

where we have implicitly defined the covariant derivative A%, ,. Comparing to (1), we write the
difference between the procedures

§A*=DA® —dA” = (A%, — A* ,)dz"

The bracketed expression should be proportional to the vector itself, so we can write quite gener-
ically
A%y = A% =T, A

or

A% =A%+ FaﬂuAﬁ
where the I'“,,3 are some of yet undetermined coefficients that are called the Christoffel symbols.
Before we determine them using some physics arguments, let us see some more mathematical

properties they have. First of all, A%, transforms as a second rank tensor with one covariant and
one contravariant index. As a derivative it needs to conform to the product rule, so

(AaBa);u = Aa;uBa + AaBa;M
= A ,By+T1%,APB,+ A°B,,.,

But since the left hand side is a scalar, we also have

(AaBa);u = (AaBa),u
= A""NBa—i—A"‘Ba’N

Putting this together we see that
A°Bqy. = A°By,,,, — APT%3,B,,
Renaming the indices we have
A®Bq.,, = A“B,, ,, — AT, Bs
and since this is true for any A% we conclude that
Ba;u:Bmu—FﬁauBﬂ (3)

Similarly one can find that for higher rank tensors we have to add a term of the form (2) for each
contravariant and of the form (3) for each covariant index. For a mixed rank 2 tensor we have e.g.

T%; =T+ 1,17 = 7,7



Now let us turn to the question we have left open: What is I" and how can we compute it? For this
we first note that the equivalence principle implies that the Christoffel symbols are symmetric in
their two lower indices I'*g, =1"*,3 and that the covariant derivative is metric compatible in the
sense that its covariant derivative vanishes g,,.o =0. From these two properties it is easy to show
that, in terms of the metric, the Christoffel symbols are given as

« 1 (e
r 67259 M(Gus,~ + Guv,8 = 96v,1) (4)

Exercise 1. Show the preceeding statements, i.e. why the equivalence principle implies symmetry and metric
compatibility of I'*g, and how one can obtain from this (4).

1.3 Geodesics

A geodesic extremises the distance between two points. The relevance for GR comes from the fact
that in a fixed gravitational field (i.e. a fixed metric) test particles move along geodesics. This is
the direct realization of the equivalence principle.

The invariant distance between two points infinitesimally separated by dx* is
ds? =dz%dz, = gapdzdz’ = goégu"‘uﬁd)\2 (5)

The invariant distance s between two points P and @ on the manifold (i.e. two events in spacetime)

is thus given by
Q
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where the sign inside the square root is set such that the argument is positive. We extremise s by
demanding that its variation vanishes (as in classical mechanics). Remembering that ur =" and

dx
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we find from a straightforward application of variational calculus that
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Since the initial points P and @ are fixed, the variation dz* vanishes there and so does the first
term in the last line. If we thus want impose ds =0, the second term has to vanish and, since it
has to do so for arbitrary dz*, the integrand has to vanish. This of course implies the well known
Euler-Lagrange equation
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and the Euler-Lagrange equation reads
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Multiplying with g#¥, rearranging the terms and defining

d'—% /<a—£
T dA L
we obtain
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which is called the geodesic equation. In its final form it reads

@Y 4+ T g guuP = ku”

After extremisation, we may choose any parameter A along our curve to parameterize it. If the curve
is timelike (s <0), we can choose the proper time and if it is spacelike (s >0), we may choose the
proper distance s itself. In the latter case we obviously have ds?=d\? and thus, according to (5)
gaguauﬁ =1, which in turn implies L =1 and L=k=0. In the former case, we have ds?= —d\2,
which implies gagu‘luﬁ ——1and also L=1 and L =x=0. The only difference between the cases
is the sign needed to render the argument of the square root positive. When x =0 we call the
parameterization affine and the geodesic equation reduces to

uY + F”aguauﬁ =0

We can recast this equation by noticing that

uw’ =u" u
so that in total we have

(" o+ T opuP)u® =u" qu® =0
We can define the covariant derivative along the geodesic
Dyu” =u”, qu®
so that the affinely parameterised geodesic equation ultimately reads
Dyu¥=0

If the geodesic is lightlike (s =0), then an affine parameterisation can not be directly found in
terms of the eigentime or proper distance, because both vanish. One can however find an affine
parameterisation A* from a non-affine one A, characterized by x(\), if one takes a A* fulfilling
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Exercise 2. Prove this statement.



It is also interesting that the tangent vector u* to an affinely parameterised geodesic has always
unit norm. This can be seen rather easily:

d(utuy)
dA

”w v
(uFy)
= uyut,, v’ + utuyu”

0 0
=0

1.4 The Lie derivative

One important question on a curved manifold is how to recognize a symmetry. Since we do not
have the usual global tools available (what e.g. is a shift in time?), we need to identify symmetries
by local operations. For this purpose we first need to introduce the concept of Lie derivative, which
is distinct from the covariant derivative and in some sense simpler.

Let us start by tracing out a path x#(\) in our manifold which is parameterized by A. Then we
pick an arbitrary point x#()\) along this path and one point that is infinitesimally close to it

dax

yr =P\ +dN\) =zH(\) + EHdA fuzﬁ

We now look at an arbitrary vector field A%(x) at those two points. One way of looking at it is
that z =xz()\) and y are just separated by an infinitesimal change in coordinates and thus

A%(y) = A%z + €dA) = A%(2) +dAEHA? (x)

On the other hand, we can treat A%(y) and A%(x) as related by a coordinate transformation

8y'u_ 14 I
=0 X

and thus the vector field A* in the z-basis transforms to A% in the y basis according to the usual
transformation law

Aa:(%)“““ﬂ%a,udx

The difference between these two interpretations defines the Lie derivative

Av(y) — A”

LeAY= ax

:g'uAa,u*Aﬂga,u (6)

Note that we can write this in terms of covariant derivatives as well
LeA™ = gra%, — AE™,,

qua;M _ 5#1"60‘“145 _ Augam + A"Fga“fﬁ

= E#Aa;u - Aﬂfa;u

Also there is the obvious antisymmetry
LAY = —L4E”

For a covector B, we can carry through the same procedure and obtain

. w
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and thus

EEBOL = gﬂBa,/L + EM,OLB,U.



It is easy to see that we can rewrite this with covariant derivatives, too
»CgBa = gﬂBa,u""gu,aBu

" Bosu— M5, B+ £.0B, + T4,67B,,
= E“Ba-_ﬂ + fﬂ;aB,u

The Lie derivative of higher rank tensors always has the first term, the derivative of the tensor,
and one additional term with the derivative of £ contracted with each tensor index. For a rank 2
covariant tensor we have e.g.

Legap=E"gap;p+ " agup + ;590 (7)
or, with ordinary derivatives,
Legap=E"Gap.u+ " agus + " pgap
Finally a bit of nomenclature: If the Lie derivative of an object with respect to the vector £ vanishes,
it is said to be Lie transported by &.
1.5 Killing vectors

If an object is Lie transported by a vector field &, it is unable to distinguish whether ¢ was due to
a simple change in coordinates or a coordinate transformation. In other words, that object can’t
distinguish the original manifold from the one produced by the infinitesimal shift with the vector
field £. If the metric can not distinguish such a shift, none of the physics will be able to and we
have a symmetry. This is the basic motivation behind the definition of a Killing vector field &

Legas=0
Using (7) and the metric compatibility of the covariant derivative this can be rewritten as
&0 9up + "5 9on =0
or
£330 +8a;8=0

which is known as the Killing equation. The importance of the Killing vector and its precise
meaning as a statement of symmetry is exposed by looking at an affinely parameterised geodesic
2#(\) with a tangent (velocity) u*=dxz*(\)/d\. When we take the product of a Killing vector &
with the velocity, we find that its (covariant) derivative along the geodesic vanishes

Dy(€au®) = (faua);ﬁuﬁ
= «fa;guﬁuo‘ + «fauo‘;guﬂ
0
(§a;p+ gﬁ;a)uauﬁ

(bas— ‘Ea;ﬂ)uauﬁ

(=R NI I

The second term in the second line vanishes by the geodesic equation while in the third line we have
used the Killing equation to obtain an expression that is both odd and even under the exchange
a <+ 3, so that it also vanishes. The quantity £,u® is thus conserved - another deep relation between
symmetry and conservation laws.

1.6 The invariant volume element and the metric determinant

The coordinate transformation




has a Jacobian

J‘ax

oz’

so that the invariant volume element transforms as
d*z = Jd*’

The metric itself transforms as

0% O2F
Ja'g' = ngaﬁ

so that its determinant transforms as
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In a local Lorentz frame the metric is the simple minkovski metric 7, which has determinant
[nas|=—1. We now want to construct an invariant infinitesimal 4-volume element that is locally
equivalent to the 4-volume in the local Lorentz frame. We can achieve this by taking ga.g= 7ags-
Then we have

9ol = T?|gag| = —J°

or
J=+/~9ap/l

and thus we obtain an invariant volume element that is locally equivalent to the volume element
of the local Lorentz frame

diz =Jd'%z' = \/—|gap/|dz’
It is customary to abbreviate the determinant of the metric tensor as

9=19a'p'l

so the invariant 4-volume element reads
V—gd*z’

The metric determinant occurs in a very useful relation, the divergence formula. The divergence
formula states that for any vector A® the covariant derivative contracted with the vector is

v _L — v
A= (VA ®)

To prove this relation we first note that the variation of the log of the determinant of an arbitrary
matrix M with respect to a variation of the matrix éM might generically be written as

SIn||M|| = In||M +éM||—In||M||
In|M~Y(M +5M)|
In|1+M~15M|
Tr(In(1+ M~16M))

= Tr(M M)+ O((6M)?)

We apply this to the metric tensor and obtain to leading order

dIn|g|=g*?5gpa
Remembering that g <0 we find

1 1,
(Inv/=9).u=5m(=9).n =59 g (9)



Because of the metric compatibility of the covariant derivative gga;, =0, we can simplify this to

1 14 v v
(Iny/=g)..= §gaﬁ<rﬂ#9'/a +1a.950) =17,
Returning to the divergence formula we thus find

A, = AV, +TY,AM
= A, + A¥(Iny=g) .
V=94 v+ A (V=g).v
V=9
(V=94").»

V=g

which proves the relation.
1.7 The totally antisymmetric tensor

Let us start by defining the totally antisymmetric symbol

1 evenpermuataionof(0123
[@Byd]=¢ —1 oddpermutationof(0123
0 else

which is not a tensor. We can use this symbol to define the determinant of a matrix,
|M | = [a By0] Moo M1 Moy Mss
The metric determinant can thus be written as
g=laByd] 90a91892~936

and the invariant volume element is (note that g <0)

1
V—gdir=— 7= [ 37690091 592+936d 2

Eaﬁ'y&

Since this is an (invariant) scalar, we conclude that

1
-9

g0 = — [aB74]

is a rank 4 contravariant tensor, which we call the Levi-Civita tensor. Its covariant counterpart is
Eapys =/ —9glafy0]
Note the relative minus sign which we can easily see is necessary, since
Caprs = Jaagasgrgesc®
= —%gwgﬁﬁ/gwwg(sa/[a’6’7’5’]

glaBys]
= V=glapyd]

1.8 Curvature

We now come to the crucial concept of curvature. What we mean by curvature is going around
an infinitesimal loop and parallel transporting a vector along that path. If there is curvature, the
two vectors will not match, but disagree by a small amount proportional to the vector itself. The
constant of proportionality is the curvature.

10



Let us now formulate this precisely. The small infinitesimal loop is realized by going into two
(different) coordinate directions o and [ in alternating order, i.e.

A#;aﬁ = A#;Ba - RﬂmﬁAu

In addition we have the original direction p of the vector and the direction v in which the change
of the vector points. The proportionality constant, i.e. the curvature, therefore needs to be a 4
index object R, o3, the Riemann curvature tensor. From this definition we can also obtain an
explicit expression for the curvature tensor in terms of the Christoffel symbols as

RuuaﬁAV = AN;Ba - A'u;aﬁ

A#;B,a + FuHaAy;ﬂ - F,f;’/aA#;V - AH;O«B - Ful,LBAV;a + RZBAH;V

AH;B@ + F#aAy;ﬁ - Au;a,ﬁ - Fz/HﬁAy;a

(A* 34+ F(fﬁA")ya + T (A g+ T5A%) — (AF o +Th,A%) 5 — FVB(A”VQ +TY, A%
(T55A7) 0+ DoAY 5+ T5sA7) — (T30 A7), 5 — T3(AY o + T A7)

Fa#ﬂ,aAg + Flf;F;’ﬁAU — Fa“a_ﬂA” — FV“ﬁF;’aA"

= (F%,a + Fﬁargﬂ - F#a,ﬁ - Fﬁﬁruga)AU

14

and thus

RHV@ﬁ = F#B,a - szL B + F(fargﬂ - F(fﬂrga I

(63

From this explicit form one can already see one of the symmetries of the curvature tensor, namely
that it is antisymmetric under the exchange of the last two indices « «+> 3. There are further
symmetries which are best seen when going to locally flat coordinates, i.e. to coordinates where

g,uu(x) = Nuv + O($2)
There we have
I5y = " (Guvy,8+ 9817 — 98v.1)
Since at the origin the Christoffel symbols vanish T'g;(0) =0, we have

*

Ruyaﬁ -

Flf‘ﬁ,a - F'sz.ﬂ

14

1
577“0(9011,5(1 + 960, va — 9pv,ca — Gov,ap — Gao,vp + gal/,o’ﬁ)

1
= §n#0(gﬁa,ua — 98v,0a — Yao,vp Tt gau,a,@)

and thus, in locally flat coordinates,

* 1
Ruvaﬁzg(gﬁu,va""gav,uﬁ — 9By, pa gau,l/ﬂ) (10)

We can now see two additional symmetries of the curvature tensor: First the symmetry under
simultaneous exchange of v« 3 and p« v (implying an antisymmetry under exchange of p < v).
And second the following identity

Ruvapy = Ruvap+ Rupva+ Ruapy
1
- 5(9[‘3;1,1/04 + Gav,up — 96v,pa — goz,u,uﬁ)
1
+5 (G, 0+ 9u8, 1 = G, — G, )

1
+§(gw,aﬁ + 9Ba,uv — Gra,uf — gﬁ;ww)
=0

11



Finally, there is the very important Bianchi identity

*

Ruviapiny =

quV{aﬁﬂ}
= 5(911{/37&%1/ + Gu{a, v n— GuiBavtn — Guie,pviv)

1
= 5(9u(p.r0}r — Gufas By T Gfa.Br}u— Ju{Bra}u)
=0

Since we have formulated it as a covariant statement

Ruv{apiry =0

it is true in any coordinates.

1.9 Ricci tensor and scalar, the Einstein tensor and the field equations

Due to the symmetries of the curvature tensor there is basically a single nontrivial contraction one
can perform

Rag = Ruauﬁ
which is called the Ricci tensor. It inherits some symmetries from the curvature tensor, namely

Rop = 9" Ryowp
= g'LWRV,B;wz
= Rg,

We can contract the Ricci tensor once more to obtain the Ricci scalar
R=R%,

Also, the Bianchi identity implies

R, = R,
g“agVBR/waﬂ;a
_guagVB(Ruwa;ﬁ + RHV/BU;G)
g‘mgyﬂ<R;wa0;B + Ruvoﬁ;a)
RBU;B + Rao;a
== 2]%Oéa;oz

which we can write as

09R.0 = 2R,

(s Lpin) =g

;O

or

The bracketed expression, which has a vanishing covariant divergence, is called the Einstein tensor
1
GoP:=R*P — _g*PR
D) g

Since its covariant divergence vanishes, we can equate it to a covariantly conserved physical quan-
tity. Without any physical proof we state that this is proportional to the energy-momentum tensor

where we have set the units such that Newtons constant G =1.

Exercise 3. Show that in the appropriate limits this field equation reduces to Newtonian gravity, i.e. that
geodesics are characterized by

12



where @ is the gravitational potential that is related to the density p as V20 = 4mp. You can assume that the

masses that produce the gravitational field are static.

We can take the trace of this equation to obtain

8T, G%,

= -R

(e} 1 «
RO, — 508R

Defining the trace of the energy momentum tensor 7'=T%, we can thus write the field equations as

RP = 87T<TO"B - %gO‘BT)

1.10 Geodesic deviation

(11)

Let us now investigate the behaviour of neighboring geodesics and see how the curvature tensor
influences it. Let us take neighboring geodesics ® that are affinely parameterised by z%(s,t) for

all s. We can define a tangent vector

that then fulfills the geodesic equation
u®, ﬁuﬁ =0

for any given s. Similarly we can construct tangent vectors

e
~ Os

goz

for equal t. We can picture this as follows:

13




Since geodesics have constant s, the coordinate difference in s between them is constant. Thus

a4

the covariant derivative of the respective tangent vector, i.e. % is a measure of the velocity with

which two such geodesics deviate and the second derivative

D2£a
dt?

describes the acceleration of the geodesics with respect to each other. We can write this quantity
along one geodesic as
D2£a
dit?

= (fa;ﬂuﬁ);/ﬂw ve
ayS

Note that in flat space, where geodesics are straight lines, £ is at most linear in the coordinates
and thus the acceleration vanishes. In general however it does not vanish and we want to find an
expression for it. We start by noting that since the derivatives with respect to s and ¢ commute,
we have

oue or® g

Os  0sot ot
We can write this equation as
0 = Sut_ o
~ Os ot

ou® oz _oge oz’
oxf 0s  OxP Ot
= uaﬁfﬂf ga”@u,ﬁ

and identify the right hand side as the Lie derivative (6). Thus £,£%=0, which we can write in a
covariant fashion as

ua;ﬁgﬂ: fa;ﬁuﬂ

With this relation and (12) we find

D « «
m(ﬁ ua) = (§ Ua);ﬁuﬁ
= £ guau® + g, guP
£% ¥
0
= ua;ﬁgﬁua
1
= E(uaua);ﬁfﬁ
=0

Therefore if the tangent vectors are orthogonal initially, they will stay so for all . We can in fact
choose a proper starting point ¢t =0 for for the various s such that this condition is always fulfilled
and thus we can assume orthogonality in the form £*u, =0 from now on.

We are now finally in a position to reexpress the geodesic deviation as

D2€a
dt?

“ 6“’6) st

(
(ua;ﬂgﬂ);uu#
(

u® Buf’guu + ua;ﬂgﬁ;uuu
“a,uﬁgﬁuu - Rav/ﬁ’uuygﬁuu + “a;ﬁuﬁ;ugu

(u®; ut); 3 — “a;uuu;ﬁ)gﬂ - Ral/ﬁu“ugﬂ“u + uamuu;ﬁgﬂ
,Ral’ﬁ#uugﬂuu
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The resulting equation

D2€a

@ — R g ueu”

is known as the geodesic deviation equation. It exposes the geometric meaning of curvature as the
relative acceleration of geodesics with respect to each other.

1.11 Geodesic congruences

Bundles of geodesics are called congruences. More specifically, a geodesic congruence is a family
of geodesics such that only one passes through any point in an open subset of the manifold. The
evolution of their cross sections with time gives us a lot of information about the metric they live on.

1.11.1 Linear deformations

We will start out by looking at a two dimensional deformable medium (think of a membrane) and
we want to identify observables that tell us whether the medium stretches, contracts and twists.
For this purpose, let us define a reference point O on the surface of the medium and let €4 be an
infinitesimal displacement vector in its neighborhood.

Generically, we can write the time evolution of this displacement vector to leading order as

& —proeC o) (13)

Obviously B encodes the dynamics of the system around our reference point.

We now want to disentangle the various compo-
nents of this dynamics and for that purpose look
at the points on an infinitesimal circle around
the reference point, i.e. we look at the displace-
ment vector that originally is

£(to) = To( s )

sing
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Let us first investigate the effect of a diagonal B. We take

BAc=Losh
2
so that BA4=6. We then have
gt 1,4
3%
or
7= %97"

We can also express this as a fractional change in area A
A
==
A

which gives us the interpretation of 6 as the relative expansion of the area.

Having taken care of the trace part we now investigate the traceless part. Let us first look at
B= 04+ Ox
Ox —04
which is the traceless, symmetric part. This results in

deA ( oy Ox ) ( cosp )
— el ”"O . .
dt Ox —O04 singp

- 04COSp + oxsing
0% COSp — a4singp

which is an ellipse. Setting ox =0, we obtain

df &\ oicosp \ [ o4&t
dt\ ¢2 ~T —oysing )T —0.&2

This does not change the area but rather deform the circle into an ellipse with the axes aligned to
the coordinate axes.
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If on the other hand we set o4 =0 we end up with

df &\ _ oxsing \ [ ox&2
dt\ ¢2 — o oxcosp )\ oyt

By taking the orthogonal linear combinations £ = ¢!+ €2 and €V = ¢! — €2, we can write this as

dev
ft = O'><§u
d v

]i = —0ox&"

which again is an area conserving elliptical deformation, but this time the axes of the ellipse are

diagonal in the coordinate axes.

N
>

Rae

Finally we look at the antisymmetric part of B that we write as
0 w
p=(L7)
df &t wsing wg?
dt\ ¢2 —w cosp —wé!
det | [ wdté?
dez |\ —wdte!

exposes it as a rotation by an infinitesimal angle wdt. The lessons learned from this example apply
in general. We can always decompose a linear deformation into three parts:

From it we obtain

Writing this as

e A trace part, corresponding to expansion
e A symmetric, traceless part corresponding to shear

e An antisymmetric part corresponding to rotation (or torsion)
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1.11.2 Timelike geodesics

We now want to apply the general lessions from deformable media to congruences of timelike
geodesics. We want to study how the deviation vector £* behaves as a function of proper time.
In order to study this let us first go into local flat coordinates at some reference point. In these
coordinates, the eigentime 7 is equal to the parameter time ¢ and thus the tangent vector to the
geodesic u® may be written as

dz® = dz*

B T

[e3%

We can use this, still in local flat coordinates, to define a “subtracted metric”

1000 10 0 0 0000
W s+ |looo0o0| |Jo-10 0o | |o100
af = tallp = Gop 0000 00 -1 0 |"loo1o

0000 00 0 —1 0001

As we can see, hqg is just the spatial (Euclidean) part of the metric in locally flat coordinates.
But the definition hag=uqtg — gos is general. We thus conclude that h,g is the spatial part of
the metric gog in our geodesic congruence. Per construction it is transverse to the tangent vector u®

haﬂuﬂ = (uqupg— gag)uﬁ
= uau[guﬂf gaguﬂ
i
U — Ug

=0

We now introduce the (suggestively named) tensor
Bap = tasp
Because of the geodesic equation B,gu®=0. Also
u*Bag = U Ua;
1
= §(U(XU/Q)7B
——

1
=0

so B,p is transverse, too. Its full geometric significance is exposed by considering

d
e — ga B
dr £ pu

|
<
M.Q
R
S
=

where we have used the vanishing lie derivative £,£“=0. This relation has the same structure
as (13) with the only difference being the number of dimensions. Our elasticity example was two
dimensional, while B,g is actually the deformation tensor of the 3-dimensional spatial cross section
of the geodesic congruence. (Note that because of the orthogonality relations Bagu” =u’Bg, =0,
B, has no time component.) We can thus decompose the deformation tensor into a trace part 6,
pertinent to the expansion of the cross section, a traceless symmetric part o and an antisymmetric
part w which encode shear and rotation as

1
Bap = z6hap + 0ap + wap
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Per definition 048= 034, 0%, =0 and weg = —wge. Most importantly,

9:

<<

so @ is the relative rate of change of the cross sectional volume of the congruence, in complete
analogy to the cross sectional area of the deformable medium.

1.11.3 The Raychaudhuri equation and the focusing theorem

Let us now explore how the deformation tensor B,g evolves with time. We have

d

EBaﬂ = Bag;uut

14
Uoy; Bt
14
(Ua;uﬁ — Ravpuu Jut
= (Ua;puh);p — Ua;puts g — Ravguu”ut
———

0
= —BaMB'uﬁ - Ral,guu”u”

We are specifically interested in the expansion part 6, so we trace this equation

d
Z9 = =B,
dt
= —B%,B*,— R%qu"u"

= —(%953 +0o%,+ Wau> <%955 +ota+ W”a) — Ry utut

1 2 2
= —5925§65 — 0% 0ty — W Wt — 59 0%, — gﬁwaa — 200w — Ry uu
0 0 0

= 7%92 — O’o‘ﬁdaﬁ + waﬂwaﬂ - Ru,uuyuﬂ

Note that all cross terms in the above derivation vanish, the first two because both ¢ and w are
traceless and the last one because ¢ is symmetric while w is antisymmetric. What we are left with
is the Raychaudhuri equation for timelike geodesic congruences

0= 7%92 — Uaﬂoag + waﬁwag - Ry utut

Remembering that 6 is the relative rate of change of the cross sectional volume of the congruence,
this equation yields the “acceleration” of volume change. When we look at the individual terms we
notice that 0”‘50,15 >0 because it has purely spatial components. Similarly wa'@walg > 0. We can now
choose a congruence so that it has no rotation, and in fact doing so is rather natural. Remember
that for the derivation of the geodesic deviation equation, we foliated our bundle of geodesics into
time slices, with the tangent vector u® :% being defined as a derivative with respect to the time
t. We then required ¢t to be one of the coordinates, but this is not at all necessary. We may view
t simply as a scalar field. From the trivial identity

dt ot dz® o
= =1t U

123_8960‘ dt ~ 7
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and the unit norm of the tangent vector u,u® =1, it follows that
t7aha’6 = (t,a - Ur)z)haﬁ = (t,a - ua)gaﬂ

so the difference ¢ o — u, originates from the spatial components of ¢ , alone. However, we have
constructed t precisely so that it does not vary on a time slice, thus we may conclude

Uo =1«
A vector field that has the property of being obtained a a derivative of a scalar field is called hyper-
surface orthogonal. The hypersurfaces to which u, is orthogonal are of course the hypersurfaces
of constant ¢, or our time slices. We can view hypersurface orthogonal vector fields as the natural

generalization of a gradient vector field, and just like gradient fields their rotation also vanishes.
This is known as the Frobenius theorem, and for our simple case we may prove it by just computing

Bog=1ta;p=¢,a;8= 9,08 — ﬂ¢ p= 0 o= Fﬁa¢ n=Upa = Bpa

which implies that weg=0. For such a congruence, § will decrease over time unless the last term
can give a positive contribution. Let us see what that implies. Using the field equations in the
form(11), we can write

R, u ut = 87T<Tag - %gaﬁT)u”u“

In locally flat coordinates where u® =4 and the diagonal elements of the energy momentum tensor
Tis - p as well as Tj; = p; (no summantion implied) we have

Ryurut = 87T<Ta5 — %gaﬁT“M>u”u“
= 8m| Ty — _gttT )
= An(Ty — gttT i)
= An (T +Th)

M'p+§:p)

We see that for “usual” matter this quantity is positive, so the last term in the Raychaudhuri
equation is indeed negative, too. The condition

Ryu’ub >0

is known as the strong energy condition and assuming it, we conclude that the expansion coeflicient
of a hypersurface orthogonal geodesic congruence decreases

0= —%92 — Jaﬁ(fag - Ry uut <0

If we assume that both the second and the third term vanish 0“9, = R, u"u* =0, we obtain

the case of minimal decrease of . Thus we always have an upper bound for 8
: 1
< —=02
3
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which we can integrate to

9(T)d0 ) T
m\?/ dt
6o 0
SO
1 1
_ <
o) T8 S 3"
or
%3

If we start with a congruence that is initially converging, i.e. for which 6y < 0, there is a strict
upper bound for 6. Specifically, when 7 — —3 /6y the upper bound enforces §(7) — —oco. At the
time t =—3/6 at the latest all geodesics in the congruence therefore converge onto one point, the
caustic. This is statement is known as focusing theorem.

2 Classical black holes

We now turn our attention to a class of exact solutions of the Field equations that are generically
referred to as black holes. The term black hole is so common these days, that it needs some work to
disentangle the popular concept of a black hole from the actual object we are going to investigate.
It is true that a black hole is a compact object from which, in a sense that we will make precise,
not even light can escape. What is less clear from the popular concept is that classical black holes
are vacuum solutions to the field equations - i.e. in the region where the black hole metric is
defined, the energy momentum tensor vanishes. This might sound counter-intuitive when thinking
about black holes as the end product of stellar collapse or similarly cataclysmic events. We will
see however that in a certain sense the final product of a classical gravitational collapse can be the
vanishing of all the matter that has collapsed out of our manifold and into a singularity, which we
have to remove from our description of spacetime. Such singularities are then typically shielded
from the outside world by horizons, which are of great interest by themselves.

2.1 The classical Schwarzschild black hole

Before continuing with general considerations, let us take a look at the classical Schwarzschild
black hole. The Schwarzschild metric (which in the form usually used is actually due to Droste
and Weyl) reads

2_(1_Ts\q:2 1 2 2102
dT—(l T)dt — - dr?—12dQ (14)

r

where
dO? = d6? + sin?0 dp?

First we note that when r>>ry (rs is known as the Schwarzschild radius), the metric (14) goes
over into flat Minkovski spacetime in spherical coordinates. We can therefore identify ¢ with the
eigentime of an asymptotic (i.e. 7> ;) observer and r with the radial coordinate that such an
observer measures. It is interesting to note that one can make this identifications, but they are not
unique. Every identification that differs by O(rs/r) will be equally valid. What is nice about this
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particular identification though is the fact that the surface of a sphere at 7 is always 472 and the
angular coordinates # and ¢ will behave 'normally’.

2.1.1 Some basic properties of the Schwarzschild solution

The interesting behaviour of the Schwarzschild metric occurs in the ¢ and r coordinates. Let us
investigate this by taking two points at the same angular coordinates 6 and ¢ as well as the same
coordinate r, while being separated in the coordinate ¢ by an infinitesimal amount dt. For these
two points

dT2=(1—%)dt2 (15)

Let us start with the asymptotic observer at r > r;. For her, dr =dt. However when she starts
approaching r — r,, d7 < dt until at 7 =r, finally d7 =0. This means that the time between the
two events shrinks, even though the interval dt¢ between them stays constant. Since dt is the time
interval as seen by an asymptotic observer, we may say that static clocks in the Schwarzschild
metric tick slower if they are closer to the Schwarzschild radius 75 - but still outside of it. At r;
time freezes as seen from the outside observer, but what about r < r,? In this region d72 <0 as
one can see from the following figure:

3 T T T T T T
- timelike — Pad]
ol doldr’ |
1 e PPt —

0 /-’-__P'

_1 — —]
- _

1 I 1 I 1 I 1 I 1
0 1 2 3 4 5

r/r
S

At face value d7=0 means that points are lightlike separated while d72 < 0 signifies that they are
spacelike separated. Thus at 7 ¢ stops being a time coordinate and for r < g it turns into a spatial
coordinate. Something similar, but in reverse, happens to the coordinate r. If we look at two points
at the same angular coordinates # and ¢ as well as the same coordinate t that are separated in
the coordinate r by dr, we see that
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An asymptotic observer will see a distance ds=+/—d7? %, dr between these two points. As he

approaches 7, from outside, the distance ds = +/—d7r? between two points separated in coordinate
r by dr will get larger and actually diverges at 74 (see figure). For r <7, the sign in d7? flips
and we see that the two points at the same t, 0, ¢ but a distance dr apart are now separated in a
timelike manner. Thus at r =7, the coordinates ¢t and r have exchanged places: t now is a spatial
coordinate and r is the time coordinate.

While flipping a time coordinate into a spatial coordinate is odd, it does not raise any particular
questions about the physical interpretation. In the reverse case this is not true, since for a time
coordinate we need to know what is future and what is past. The Schwarzschild metric is of no
help there since it only provides us with an expression for d72 which has the two solutions

r

dr== dr

Ts—T

and we need to invoke some physical reasoning. We can e.g. picture some observer that is infalling
towards r =0 from the outside. If we ignore all divergences and complications that might appear
along the way, we can just identify the movement forward in time with that inward, i.e. with
dr < 0. It would thus be natural for objects that move inward to identify forward in time with a
negative dr. Similarly it would be natural to identify positive dr with outmoving objects. This
is the point where we are duly reminded that the Schwarzschild solution in a wvacuum solution
of the field equations and not what we might intuitively associate with a black hole. It does not
distinguish between +d7 and thus the time reversal of a geodesic is also a geodesic - a point which
we will come back to in great detail.

There is one more point that we need to be aware of: While r is a time coordinate inside ry, it
still determines the size of the spherical shell on which the angular coordinates live to be 47mr2.
The spatial volume thus changes with time r and in particular it becomes zero at r =0. You may
remember that =0 was not part of the Schwarzschild solution to begin with - it had to be excluded
as some components of the curvature tensor diverged there. This is one way of how a singularity
manifests itself in general relativity.

2.1.2 A free falling radial observer in the Schwarzschild metric

The Schwarzschild solution is static, accordingly we expect time translation to still be a symmetry.
This is borne out by realizing that £#=4!"is a Killing vector

Legap=E"gap,u+ " agup + ", 89an =0

Quite generically we can see, that coordinates that don’t enter the metric lead to a Killing vector.
The first term on the preceeding equation vanishes due to the metric not depending on the coor-
dinate, while the other two terms vanish because the unit vector into the coordinate direction has
vanisheing derivatve. Since the Schwarzscild metric does also not depend on the coordinate ¢, we
also find that &# :(5Z is a Killing vecror. There are two more Killing vectors due to the spherical
symmetry, but we will not need their explicit form, because we may restrict the test particle we
are interested in into the equatorial § =7 /2 plane.

The conserved quantity pertaining to the timelike Killing vector £# =4} is
. Ts
u”ﬁuzt(l—?) —H (16)
while the conserved quantity associated with the angular £# = 5{; is

uh€, = prisin? =: L
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Radial freefall in the equatorial plane implies L =72 =0, so df =d =0 and the metric simplifies to

1
1-=I=

T

dr?

ar?=(1-22)ar2 -
T

or, dividing by dr?2,

1:(1—5)152—#%2
r 1—7“

Expressing f in terms of the conserved quantity H, we arrive at

H2_,,;2

T
1-Ts
T

1=

which is a first order ordinary differential equation. We rewrite it as

f:i,/H2—1+% (17)

If we consider a free fall from ry > 7y with vanishing initial velocity 7o= 0, the metric implies

1:(1—ﬁ>i3
o

SO

and thus the conserved quantity is

H=£0<1—E): 1-1s
To To

Since r decreases with time, the negative sign in (17) is physical, so all together

Ts Ts
T To

which we may integrate as
/ dr
—_— T
T _Te

Let us now suppose that some observer falls into the black hole, starting from rest at rg. The most
interesting part is to see how much eigentime elapses until the observer reaches r =0, so let us
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compute

T
ﬁ/F

sin? y

dr = rp2sinycosydy
r=0 — y=0

™
’]":7’0 — —

2

/E/ ro2sin y cos ydy
r 1
S0 \/ sinzy_1

5
9 /7"_8’/ sin y cos ydy
Ts cos?y
0 sin2y
24— / siny dy

s T'o

2V ry

which is finite. What might be even more surprising is the fact that nothing special at all seems
to happen at r,. In fact, we can even drop our initial requirement that ro > rs if we are not afraid
of the integration constant H becoming imaginary. In any case we see, that an observer which is
radially free falling into the black hole will reach its central singularity in a finite time.

But how does this go together with our previous observation that near r,static clocks tick slower as
seen by a far away observer? To answer this question, let us look at what an asymptotic observer
actually sees. For her, the relevant time is not 7 but ¢t. The connection between the two is given

by (16), so we have

Using (18) we obtain

or

a  H
dr 1-==
T
Ts
1=
— —
r
_Ts d
dt=-——2"
s T _ 1o
70 T T0
_Ts
dt = — 10 o dr
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Integrating this equation, we can immediately see that the integrand on the right hand side has a
pole oc—(r — 1)~ ! at r =r,. Integrated, this will lead to a logarithmic divergence

T—Ts

toc—In(r —ry) —— 00

Consequently, an asymptotic observer will see that an infalling object will take an infinite time
until it reaches even r,.

Finally, let us look at an observer which is not asymptotic but hovers at some fixed radius 1 > rs.
Its eigentime is given by (15), so there will be a fixed factor /1 —:—j between its observed time

and that of an asymptotic observer. So this observer will see the radial infall proceeding faster but
still come to a halt as r — r,.

2.1.3 The horizon

We have now investigated the Schwarzschild metric enough to clearly discern two interesting
regions: The first one is around r =0, where time ends for an infallig observer. Since we had to
exclude r =0 from our spacetime to obtain the Schwarzschild solution in the first place, it is rather
evident that we have a singularity there. Singularities appearing in a physical theory generically
show the limit of applicability of that theory. In case of general relativity, that limit is reached at
r=0 and one can speculate whether quantum effects or some other mechanism ultimately correct
GR in such a way as to remove that singularity. The other interesting region of the Schwarzschild
solution is around r =r5. When looking at the metric » =r4 sure looks like a singularity, too. And
we have just computed that an observer outside s never sees a free falling object cross rs. But on
the other hand, the free falling observer reaches » =0 in a finite time and there was no problem
integrating its trajectory across rs. So what is going on there?

To get a first idea of what is happening at r,, let us imagine two observers that communicate with
each other (like a brave explorer going near the black hole and her friend waiting at a safe distance).
They would like to communicate efficiently, so they decide to locate themselves at the same angular
coordinates # and ¢ and use radio communication (obviously, any other choice would make their
communication slower or less efficient). Since the communication is achieved with light, d7 =0 for
the message. In addition, df =dyp =0 since the observers have sensibly chosen to be at the same
angular coordinates. The message the explorer sends thus travels radially as

0=dr?=(1-22)az -
r 1
SO

dr:j:(l f%)dt

Initially, when r > r,, the two choices offered by the sign are of course a message that is sent
radially inward (the negative sign) and a message that is sent radially outward (the positive sign).
Obviously the correct one (the one that the observer at a safe distance will receive) is the radially
outward one so we have

dr = (1 —%)dt (20)
But once the explorer crosses 75 so that rs > r, the factor on the right hand side becomes negative
and dr will actually decrease even for an outgoing light ray. The messages from the explorer will
no more reach the distant observer. But, one might ask, what about the radially ingoing light rays?
Their sign flips, too, so for them we have

dr:(%—l)dt (21)
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and the factor is positive. So indeed if dt was positive for them, dr would be positive, too and the
light ray would travel outward. But remember that ¢ is no more the time coordinate inside g, but
rather a spatial coordinate. The time coordinate inside r4 is r and we already established that for
a black hole dr <0 so time ends at r=0. The correct way to read (20) and (21) is thus to conclude
that for r <r, the “outgoing” light ray has a positive d¢ while the “ingoing” one has a negative one.
None of these light rays (nor anything else from the explorer) will be able to reach the distant
observer once r < s because dr <0 is the flow of time for r < rs and nothing can escape that. The
only way we could change that was to assume that the flow of time is in the other direction, i.e.
dr >0 for r <rs. But in that case it is not just the radio signals or light rays (both the “ingoing” and
the “outgoing”) that would reach the outside but literally everything inside 7,. It would actually do
so in a finite proper time, which we have already calculated in (19) as the free fall time from ro=r,

TZET‘S

The region r =r, thus is not a singularity but rather a strange feature in the causal structure of
spacetime. Loosely speaking we may say that what is inside (i.e. r <ry) either stays inside and can
never influence again what happens outside (this is called a black hole) or, alternatively, everything
inside will get expelled and nothing can go inside (this is called a white hole). In both cases the
region r =7, acts like a one-sided membrane that allows objects to cross in one way but not the
other. Such a structure is called an event horizon.

2.1.4 Near horizon coordinates

The region around r; is certainly an interesting one and we would like to study it a bit more. For
this purpose, we introduce the first of many coordinate transformations to follow: we will replace
the radial coordinate r by the proper distance above the horizon p. We yet have to establish the
connection between r and p, but we know that we can write the metric as

d72<1 "s )dtzd 2 _2(p)d02
) p (p)

Since this is the Schwarzschild metric in other coordinates, we evidently have

r

For integrating the right hand side, we substitute

L — cosh20 dr = 2r, coshd sinh6

SO

au(:osh\/rzS
PR / cosh@smth a0
0 \/ 1- cosh26
acosh\/%

— o / coshf sinhd a0

sinh?6
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By partial integration we find

/cosh20 df = cosh@ sinhf — /sinh26‘ df = cosh@ sinhd — /(cosh29 —1)do
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SO

/cosh29 df = 5 (cosh@ sinhf + 6)

which allows us to write

at:osh\/fT

75(coshd sinhf + 0) |0 0

(1/ 1/——14—acosh,/ )
Ts Ts

T 17E+rsacosh r

\ r \/ Ts

where we have set the integration constant such that p=0 at r=r,, i.e. p is the proper distance
from the horizon. We are interested primarily in the region in the outside vicinity of the horizon,
ie. 0<e:=r—rys<r. In this region, we may rewrite

acosh,/l—i—i:x = 1/1—&-3:
Ts Ts

S
I

O(g?)=cosh(z) =1+ 2 +0(z*)

2
SO
acosh, [ =z~ [ = [1-1
\ 7s \/rs \/ r
and thus
p=2rg, [1——
or
po
~ p
=4

Very close to (but outside) the horizon we can thus write the metric as
2
dr? e~ (—2>dt2 —dp?—r?(p)dQ?
4r?
We can define a rescaled time coordinate

=

2r,
with which the metric reads

dr?~ p?dy? — dp? — r2%(p)dQ?

Interestingly, the ¢, p part of the metric looks exactly like two dimensional Minkovski-space in
Rindler coordinates (see exercise sheet 6). An observer hovering at a fixed p above the horizon is
thus locally equivalent to a Rindler observer at a fixed p. We remember that the Rindler observer
at fixed p is constantly accelerating (in flat space) with an acceleration a = /—a*a, =1/ p. This
is a nice example of the equivalence principle: a local observer can not distinguish between a
gravitational field and acceleration. But we also see that as p— 0 the equivalent acceleration
diverges and, as we have seen in the exercise sheet, the Rindler trajectory turns from timelike to
lightlike. This is a clear reminder that at some point “hovering a fixed distance above the horizon”
becomes physically untenable. Since our coordinate system is based on these kind of observers (a
fixed coordinate r implies a fixed p), it is no wonder that it breaks down near the horizon and we
are encouraged to find a better coordinate system. It is rather evident how to do this locally. We
can just replace the Rindler coordinates with carthesian ones. From the perspective of the local
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observer this will remove the constant acceleration of the coordinates and, by the equivalence
principle, it will thus remove the gravitational acceleration. The resulting coordinates are thus free
falling. We write the coordinate transformation as

psinh ¢
p cosh

T
X

so the metric takes the form
dr?~dT? —dX? —r?(p)dQ?
At this point it is helpful to actually draw the world lines of the different observers in the various

coordinate systems. Let us start with observers that are hovering above the horizon at a fixed
proper distance p. In Schwarzschild coordinates they look rather inconspicuous:

t
A

’r_rs

When we draw the same observers in freely falling near horizon coordinates, the picture looks
rather different:

A
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In these coordinates, freely falling observers seem much more natural:

T
A

1}} - X

And this is how their world lines look like in the original Schwarzschild coordinates:

t

Note especially how the world lines of freely falling observers stretch out to temporal infinity while
they remain at r > rs in Schwarzschild coordinates. These same worldlines, in locally free falling
coordinates, only run for a finite time, between between T'==FX. It is this infinite stretch at the
horizon that gives us the impression of some divergence there, but this is just due to our coordinate
system.

2.1.5 The Kruskal extension of the Schwarzschild metric

Let us now try to address the inadequacies of the Schwarzschild coordinate system around rs. Our
general strategy will be to try repeating the construction of freely falling near horizon coordinates
but in an exact and global manner. Looking at the Schwarzschild metric (14), the biggest obstacle
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seems to be that the radial and time coordinates do not scale equally as r changes. We can address
this in a brute force way by introducing a new radial coordinate 7*, whose defining feature is that
it changes in the same way as the time coordinate, i.e.

21" 2 Q) 2 (o 2
d <1 r(r*))(dt dr*) (r*)dQ

The relation between r and r* is thus given by

1

Ts
1T
-

dr2=1- 24,2
r

SO

dr

Ts

=4dr*

We obviously are interested in the positive solution, so

" _dr=dr*

r—rTs

or

(1+ s )drdr*
r—rs

r* = /<1+ Is >d7”
r— 1,

= r+rsn(r—rs) +c

which integrates to

To avoid a dimensionful argument of the logarithm, we choose ¢ = —r;ln(rs) so that finally

r*r+rsln<il> (23)

S

Note that when r — rg then r* — —oo, which is just a reflection of the fact that viewed in an
asymptotic observer’s time ¢, it takes infinitely long to reach rs. These coordinates are therefore
often referred to as tortoise coordinates (as in Achilles and the tortoise).

The radial-temporal part of our metric is now “Minkovski-like” except for a scaling factor. In
exercise sheet 6 we have seen that light cone coordinates are very useful when talking about horizons
(which are lightlike) and we will transition to them now. We define

u=t—r* v=t+r*

so that our metric becomes

2 _ _Ts 2 2
dr —(1 r(r*))dUdU 2 (r*)dQ
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In these coordinates, the horizon r =r; is still removed to infinity. But being lightlike, we have a
chance to bring it back to a finite value using a simple transformation of the light cone coordinates.
The removal of the horizon to infinity was caused by a logarithm, so we can try curing it by
exponentiating and introduce the new coordinates

u v

[Jv:_eiy‘S V:eﬁ (24)

The signs in the exponent are dictated by the contribution of r* to u (negative) and v (positive),
the signs of U and V themselves are by convention. For dimensional reasons, w and v in the
exponent needed to be divided by a length scale, with r; being an obvious choice and the factor 2
being convenient as it will turn out. The total differentials are

dU =— 1 Udu dV = 1 Vdov
2rs 21
SO

dU dv
du= _27”37 dv= zrsv

The metric thus reads

4y? T
2__ _ *s _ s .2 2
dr? = -2 (1= 22 )avav —r2aQ (25)

Note that both U and V' are still light cone coordinates and that we can still trace light rays by
setting one of them, and the angular coordinates, to a constant. This property will turn out to be
very useful for elucidating the causal structure of the metric, as is evident in the following plot,
which shows three events and their respective causal future:

Vv

It is customary to depict light cone coordinates as diagonal, as we have done here with U and V.
The shaded areas emanating from the three events show all events that lie in its causal future,
which is the region that can be reached from a point with paths that are timelike or lightlike and
lie to the future of it. (Obviously we have ignored the angular coordinates here, but this extension
is trivial). In our new coordinates, which are usually referred to as Kruskal or Kruskal-Szekeres
coordinates, the future of an event is simply a wedge which has diagonals as boundary.
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Let us now examine if we succeeded in bringing back the horizon to a finite value of our coordinates.
Taking the product

vw e reen(Eo) P\
UV=—e? =—em=—¢ rs :—<——1>ers:<1——)ers (26)

and defining an auxiliary variable y=1—r/r,, we can write
UV =yel v
or

——=—ye Y (27)

and ists solution with respect to w
w=W/(x)

is known as the Lambert W-function or product logarithm. We can infer its essential properties
from the inverse function (28). These are, specifically

e W(0)=0
o W(x)z20 forz=0
o dr=dw(l+w)eY, so i—::()for w=-—1

From the last property it follows that W (x) has two branches, the relevant one being the upper
branch Wy(z) with Wy(z) > —1. Thus W} is defined in the range [—1 /e, 00) and looks like this:

2

W(x)




and substituting again y=1—1r/r,, we finally arrive at

(i) -

When we draw lines of constant r /s, they look like this:

A few interesting features become rather obvious from this diagram. As we can see from (26), a
constant 7 /75 implies a constant UV. In coordinates U and V therefore all curves at constant r are
hyperbolae. At r=r, the sign of UV flips, which causes the lines of constant r to flip from being
timelike at r > r, to being spacelike at r < ry with the intermediate lightlike » =r,. The maximal
value possible for UV is 1, which corresponds to the hyperbola labeled » =0. The grey shaded
areas outside are thus not part of spacetime. The right, blue shaded wedge that is labeled I can be
identified with the region outside the horizon r > rs. Thinking about the causal future of points in
region I, one can easily see that they will lie entirely in regions I and II only. We therefore have a
(past) event horizon along the diagonal that is the U coordinate axis. Similarly, one can see that
events in region I can only be influenced by events in either region I or IV. We therefore have a
future event horizon along the diagonal that is the V' coordinate axis. It is the upper half of this
horizon (the V-axis for V' > 0) which is the black hole horizon that we have considered so far. It
allows crossing into the region II from region I, but not the other way. Region II is the inside
of the black hole where we can see from the diagram that going forward in time is equivalent to
going to smaller r until eventually one ends up at the singularity at » =0. Consequently, by time
reversal, region IV is the inside of the white hole. There, time starts at the singularity » =0 and
progresses as r increases towards r =r,, where world lines can continue into the “outside” region I.
In the other direction, the past horizon prohibits anything from going from the “outside” region I
into the white hole region IV.

We thus seem to have covered everything we know about by regions I (outside), II (inside the BH)
and IV (inside the WH), so what about region ITI? Geometrically, it is the region where the second
branch of the hyperbolae r > 7, lie, so it seems to be another “outside” region. There is however a
difference to region I, which we can uncover by looking at the ratio

u+v t

g:_e 2rs ——e s
\%

This allows us drawing lines of equal asymptotic observer time ¢ into the diagram above:
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We see that in region III the forward time direction is given by —dt, so in this sense region III is
the time inverse of the outside region I. Note however that regions I and I are completely causally
disconnected and thus can never be reached from each other. Physically it is thus completely
unclear whether region III has any relevance. All we really know is that it appears in the extension
of the Schwarzschild metric that we have just performed by going to U-V coordinates.

Finally, let us come back to the definition of the coordinates U and V' (24) and note that both U and
V' are invariant under an imaginary shift in the coordinate ¢t — ¢ + 4mirs. Another way to express
this is that the metric (25) is periodic in imaginary time with a period 47rs. At first this might
seem like an odd curiosity, but in fact it is a crucial observation when coupling any quantum field
theory to classical gravity. In a quantum field theory, periodicity in imaginary time is equivalent
to temperature. Thus when we formulate a quantum field theory in Kruskal-Szekeres coordinates
(and thus, ultimately, in the Schwarzschild metric), it will have a finite temperature

1

A

T

which is of course the famous Hawking temperature.

2.2 Penrose diagrams

We have seen in the previous section that a graphical representation is sometimes very useful in
elucidating the causal structure of spacetime. In particular, we found Kruskal-Szekeres coordinates
very helpful for understanding the causal structure of the Schwarzschild metric. One particularly
useful feature was the fact that radial null geodesics were diagonal lines and thus the future light
cone could easily be constructed. It was also quite helpful that the horizons, where the coordinate
time t diverges, were at a finite position. The radial infall of an observer through the horizon could
thus be graphically represented and one could read off how it looks like for both the asymptotic
and the infalling observers. We can take this one step further and also move spatial and temporal
infinities to a finite distance so they can be displayed conveniently. If we keep the radial null
geodesics diagonal in this construction, we can carry over the important feature that light cones
are easily drawn and the causal structure of a theory is clearly visible. Such diagrams are known
as Penrose (or Penrose-Carter) diagrams. For radially symmetric metrics we can start with light
cone coordinates u and v and construct

y =Fu) y"=F()
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where the function F'(x) is chosen so that it maps real numbers into a finite interval. We then find
dy= =F'(u)du  dyT=F'(v)dv

and thus if dyT =0 it follows that du=0 resp. dv=0. Therefore y* are also lightlike coordinates.
We can e.g. take

F(z) =tanh(x)

which will map R — (—1,1). As a simple example we may take flat Minkovski space in spherical
coordinates, which has a metric

dr? = dudv — r?2dQ?

where u=t —1r and v =t +r. Its Penrose diagram is a triangle:

=00

We see that radial and temporal infinities have been compressed to a point while lightlike infinity
(represented by the black diagonal lines connecting them) is a line in this representation. The left
edge of the diagram, the vertical orange line, corresponds to r =0 and thus signifies the end of
spacetime in the radial direction.

We now apply this procedure to the Kruskal extension of the Schwarzschild metric. Here we make
the choice

y~ =atan(U) yT =atan(V)
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Thus if U and V would span all possible real values, we would have y* € (—7 /2,7 /2). For UV <0
(i.e. in the “outside” regions I and III) this is in fact the case. In the “inside” regions II and IV
however, we have seen that spacetime stops at the singularity » =0, which corresponds to UV =1
as we have seen. In our new coordinates this corresponds to

1 =U0UV
= tan(y )tan(y")
eV e (e e
(0 e (e e
WY ey Ty (eilyT—y) g e iy —y )

i) i) iy —vT) 4 oilyT )
cos(y~ —y*) —cos(y” +y*)
cos(y™ —y*) +cos(y™ +y*)

This condition is fulfilled if the second term in the numerator and denominator vanishes, so
cos(y~+y*)=0
which translates to

gt
y ty B

This is the upper and lower boundary of spacetime in the Penrose diagram, corresponding to the
singularity.
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2.3 The Kerr black hole

Although the Schwarzschild solution is interesting and exhibits many strikingly new aspects of
general relativity, its applicability to black holes that are remnants of stellar collapse is quite
limited. Stars are spinning and although they can lose angular momentum, when they contract
to their Schwarzschild radius, the rotation velocity at the surface may reach a sizeable fraction
of the speed of light. We therefore need a better description of these objects that are still axially
symmetric, but rotate around their axis.

2.3.1 Boyer-Lindquist coordinates

In 1963 Kerr found a metric that describes a rotating eternal black hole. As in the case of the
Schwarzschild solution, one can check that it is in fact a vacuum solution, so R, =0 on the entire
spacetime that the solution is defined. We will, as usual, write down the metric first and work from
there. The metric is given by

2
dr2= <1 - ’;); )dt2 - %dﬂ — p2do? — %sm%)d@? + %sin%‘ dtde (30)

where we used the shorthand
p*=r?+a?cos®0 A=r?—rg+a? Y= (r?+a?)?—a?Asin?

The most striking feature of this metric is the new non-diagonal term in the metric, which couples
the angular coordinate ¢ with the asymptotic time coordinate ¢. The (dimensionful) parameter
that controls this coupling is a, so let us first see what happens if we let a— 0. In this limit, the
dtd¢p term vanishes while p=r, ¥ =r*and A =r(r —r). This evidently results in the Schwarzschild
metric, so this first limit is correct. Another important property concerns the asymptotic observer.
Since we now have two parameters of dimension distance in the metric, the asymptotic observer
conditions now are r > r, as well as r > a. The second of these conditions again implies the
vanishing of the dtdy term as well as p—r, ¥ — 7% and A — r(r — ;). Therefore, the asymptotic
observer has the same metric as in the Schwarzschild case, i.e. flat Minkovski.

The next thing we would like to check is whether this metric really is stationary, i.e. whether
there is a timelike killing vector that ensures time translation symmetry. Let us see if a shift in
the coordinate ¢ accomplishes this, i.e. whether the vector

*

of

ta — .,I;Ot7t
is indeed a Killing vector. When we write the Killing equation in the form
Ltguu = tagp,u,a + ta,,u,gow + ta,ugp,a =0

we can immediately see that it is fulfilled. The first term vanishes because the metric is not
dependent on ¢, while the second and third terms vanish because t“ is constant in our coordinates.
In a very similar fashion we can check that the vector

*
a __ & S«
= o =05

is also a Killing vector. This is the axial symmetry of the metric and the corresponding conserved

quantity u%gp, is thus the angular momentum of an affinely parameterised geodesic with tangent

vector u®. If we take the special case of a geodesic with vanishing angular momentum, we have
0 = u%a

= uo‘gaﬁég

UJap

UG+ ufgp,

;ATsTr
frg t—
02

sin%0 — (,b%sinQQ
0
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where the overdot represents the derivative with respect to the affine parameter of the geodesic.
From this relation we obtain

tarsr = )
and thus
de arsr
ke 1
dt by (31)

This is a rather remarkable result. It tells us that freely falling observers with no angular momentum
are in fact rotating in a Kerr metric. This phenomenon is known as frame dragging or the Lense-
Thirring effect. If we expand ¥ in the previous equation, we can see that the angular velocity

_dy arsr r—oo Qg

YT T (r2+a?)?2 — a?(r?2 — rgr + a?) sin6 3

vanishes for an asymptotic observer as r—2.

2.3.2 Ergosurface and horizons

We now look at an observer at fixed coordinates r, # and ¢ as we did in the Schwarzschild case.
If we take two points at ¢ and ¢ + dt, we can see that they are separated by

2_ 1_7’57’ 2:(1_ s ) 2
dr ( e dt Py dt

As in the Schwarzschild case, we want to identify a point where the ¢ coordinate turns from timelike
into null and then spacelike. This happens when

r? +a?cos®0 =rgr (32)
S0

re /12 — 4a? cos?0
r= 5

Remarkably, this has real solutions for all 6 only if a <rs/2. If this condition is fulfilled however,
we now have a second solution to this equation where the distance turns from timelike to null and
again back to spacelike. For the moment we will assume a <rs/2 and only look at the outer solution

_Ts Ts\2 2 2
re—2+ (2) a? cos?6 (33)

At this surface, the time dilation for an asymptotic observer is infinite. It is therefore referred to
as the infinite redshift surface. We are tempted to interpret it as a horizon and in order to check
whether it really is one, we look at two events that have common coordinates ¢, § and ¢ and are
separated in r by dr. The distance between these points is

2 2, 2.2
o P .o  T°4a"cosl , ,
dr= Adr = 7“2—rsr+a2dr
For large r this distance is spacelike. It diverges at
. 2
A=r’—rgy+ad’=0 = ri:%i (%) —a? (34)

If we first look at the larger of these two solutions, ., we see, that it only agrees with (33) at the
poles § =+x /2. How can we understand this discrepancy?
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We get a clear hint about the discrepancy from the fact that it vanishes at the poles. At the poles
we have no frame dragging effect and there r., which indicates the point from where on no observer
can remain static, coincides with r;, which indicates that time now runs in the r coordinate.
Clearly we have a region (called ergosphere), where observers can not remain static, but do not
necessarily need to proceed towards smaller radii yet. We suspect, that inside the ergosphere (which
incidentally is not a sphere at all) the inability to remain static is due to frame dragging. It is so
strong that observers necessarily have to alter their position in ¢, but not necessarily in r. The
outer bound of the ergosphere, the surface of infinite redshift, is also called the ergosurface.

2.3.3 Inside the ergosphere

We have seen that inside the ergosphere two events, which share common coordinates 7, 6 and ¢
and have t coordinates that differ by dt, are separated in a spacelike manner. If it is true that this
inability to remain static is due to the strong frame dragging, we should allow the events to also
be displaced in the ¢ direction. We thus look at the separation of two events with common r and
0 that are separated by dt and dyp =wdt. We would like to find the angular velocity w for which
their separation is maximally timelike. From the metric (30) we get

dr?= dt2<1 - 7:;; - %sin29w2 + %sin%w) (35)

We maximise the bracketed expression with respect to w, so

—2%sin20w + QGPZST sin20 =0
which has the solution
o ATsT
D>



that unsurprisingly coincides with the angular velocity (31) that we found from the frame dragging.
When we plug w back into (35) we obtain

2
dr? dt2<1 TS —%sin% (arsr> n QGT‘J“inQQ arsr)
p

p? by p? by
rer 1 . oo a?rir?
= dt2(1 2 + ?sm% > )
a2 Y(p? —rsr) +a?r2rising
Y p?
42 Y(r2+a?cos?0 + A — 12 —a?) +a? (r? + a? — A)%sin?0
¥ p?
.2 Y(A —a?sin?0) +a? (r? + a? — A)?sin0
¥ p?
_ g2 YA +a?sin?0((r? +a? - A)2-3)
Y p?
g2ZA+ a?sin?0((r? 4+ a?)? —2A(r? + 32) + A% — (r? 4+ a?)? + a®Asin?0)
Xp
g2 ZA+ a?sin?0(—2A(r? + a?) + A? + a2A sin?0)
¥ p?
g2 ¥+ a?sin?0(—2(r% + a?) + A + a®sin?0)
¥ p?
2 ¥ +a?sin?0A + a?sin?0(—2(r? + a?) + a® sin?0)
¥ p?
(r?2 +a?)? + a?sin0(—2(r? + a?) + a®sin?0)
Y p?
2(r? +a?) +a®(r* + a?) + a?sin?0(—2(r? 4 a?) + a?sin?0)
¥ p?
_ a2 r2(r? +a?) + a®(r? + a?) (1 — 2sin?0) + (a?sin?6)?)
¥ p?
2 r*+12%a2 4+ a®r?(1 — 2sin0) + a*(1 — 2sin?0 + sin*0))
¥ p?
2 r* + a%r?(2 — 2sin?0) + a*(1 — sin%9)?
Y p?
22 r* 4+ 2r%(a?cos®0) + (a’cos?6)?
¥ p?

=d

A

= d A

= d¢? A

— dr2l A

A

= d A

= d A

=d A

Because ¥ >0, we arrive at a lightlike separation d7 =0 for the two points when A =0. From (34)
we already know that the solutions to this equation

Ts rs\2
SN o=
r+ 5 5 a

are the radii where r becomes a lightlike coordinate, too. So even if an observer optimally corotates
with an angular velocity w, progressing forward in ¢ will not be timelike anymore if the outer of
the two radii ry is crossed. We can thus conclude that r; correspond to a horizon where spacelike
and timelike coordinates are exchanged, very similar to the Schwarzschild case. We will shortly
discuss what happens at the inner of the two radii r_, but before that let us investigate the
ergosphere, i.e. the region where r; <r <r. a bit more. For this purpose we return to (35) but
without assuming that we corotate with the optimal angular velocity. Generally, observers that
rotate with an arbitrary angular velocity but stay at fixed r» and 6 are called stationary. For such
a stationary observer, we can find for which combination of radius r and angular velocity €2 going
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forward in ¢t will become lightlike. Reading off directly from (35) we obtain

— % — %sin% 02+ QCLTST 225 5in200 =0

which has the solutions

——2a2‘§Tsin29 + \/( 2aTSTsin29) + 422sin29<1 — T:"Zr)
p p? P P

2 ( —pEsinw)

arsr F/(arsr)? + X sin—20(p? —r4r)

Q:F:

x
_arsr V(arsrsin0)2+ 3 (p? —rgr)
> + Y sinf
= wT Va2 (r? +a? — A)?sin0 + ((r?2 + a?)? — a®Asin®) (r? + a® cos®) — 2 — a®> 4+ A)
- Y sind
2 VO T ARG o) ANaTsin®) + (7 o)~ a?Asin®)(—a”sin + A)
N Y.sinf
= wF \/(—QA(T2+a2)+A2)a2sin20+(_a2A sin0)(—a?sin?0 + A) + A2+ a)?
- Y sinf
= wF \/Z\/(GQSiHQG)Q_2(r2+a2)a281n29+(r2+a2)2
Y sinf
VA2 + a® = a®sin®))?
= w:F -
Ysinf
2, 2.2
_ w:F\/Z(T —&-.a cos0)
Y sinf
_ VAp?
- wT Y sinf

Thus for an angular velocity € in between Q_ and Q, d72 is timelike. In the trivial, flat space case
rs=a=0 we have Q4 = :trina. This limit is easy to understand: If one rotates with an angular
velocity 2 exceeding €2, the linear velocity in ¢ direction v = Q7 sin § would exceed the speed of
light. In the Schwarzschild case (a=0), this relation gets modified to

Q= 1" 1
r rsinf

but the allowed angular velocities are still symmetric around 2 =0. In case of the Kerr metric
however, the allowed angular velocities center around w. Therefore there is a point where the lower
limit of the allowed angular velocity 2_ becomes positive. This happens at

O _arsT VAp?
T3 Ysinf

or
a?r2r?sin? = Ap*
We can recast this into
0 = a’2r%in2%0 — Ap*
(r? +a® — A)?%a®sin%0 — A(r? + a cos29)2
(r? +a%— A)2%a®sin%0 — A(r? — a’sin?0)?
(r? + a?)2a%sin?0 + A%a? s1n20 - A(r2 +a?)? — A(a%sin?0)?
( 2
(
(

r? +a?)?(a’sin%0 — A) + Aa®sin?0(A — a?sin?0)
a’sin%0 — A)((r? + a?)? — a®2A sin?0)

a%sin?0 —r? +rg —a?)X

= —(r?+a2cos®0 —rer)X
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Since X > 0 it follows that
r2 4 a%cos?d =rgr

which we recognize is just the condition (32) for the outer boundary of the ergosphere. Thus we
see explicitly that the ergosphere is the region where the metric rotates so fast that staying at the
same angular coordinate would require a local velocity exceeding the speed of light.

2.3.4 The Penrose process

Except for a factor m, the conserved quantity ¢ =u*t, =u*g,; is the energy of a test mass. In flat
space it is € =t and therefore always positive for a forward directed, timelike trajectory. In the
Schwarzschild case, we have ¢ zi( — TT) and therefore it is always positive for a forward directed,
timelike trajectory outside the Schwarzschild radius. For the Kerr metric we have

rsr arsr

e = (1— 7 >i+ e sin%0 ¢

(1 - 7;;(1 —af) sin29)>i

with the angular velocity of the test mass 2. We already know that the ergosurface is the outermost
point at which Q=0 is allowed. We also know from (32) that at the ergosurface rsr = p?. All this
tells us that at the ergosurface we can have ¢ =0. Inside the ergosphere we can have negative energy
states, just as we could have had negative energy particles inside the horizon of a Schwarzschild
black hole. There is however one difference: Nothing could escape from the region inside the
Schwarzschild black hole, so the potential existence of negative energy particles was irrelevant for
outside observers. In the case of the Kerr metric that is different: The ergosurface is not a horizon,
objects can enter it and escape again. So one could imagine that an object enters the ergosphere,
interacts with an object there, giving that object more negative energy, and then emerges from the
ergosphere with more energy than it entered. The other object, which has ¢ < 0 is thus trapped
and can never exit the ergosphere. In this manner, one can in principle extract energy from a Kerr
black hole in a fully classical manner. This phenomenon is called the Penrose process.

2.3.5 Circular orbits in the equatorial plane

Let us examine some circular orbits 7 =0, § =7 /2. The geodesic equations are

t =0
rg;z? - 21“g;t:¢ + I, = 0
TH2+ 2000 + T8,¢? = 0
=0
and the relevant Christoffel symbols (for § =7 /2) read
oo (@®+r(r—rs))rs
tt 2T4
oo a(a?+r(r—rs))rs
te 27t
oo (@®+r(r —rs))(—2rt + a®rrs)
e 975
I =0
Y, =0
0
Iy =0
The only nontrivial equation is thus
; =2t alrrs
TG 7 20+ )
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which has the solution

; . . —2rt 4 g2 .
i = a<p:|:\/a2<p2——r —|—ar7“s(p2

_ g-o(air 2_)

T's

73

DN

|
S

T ;

or

Q_d_‘p_ 1

dt aj:m/?

At =1 /2, the ergosphere stretches from 7 =2+, /(%)*—a® to ro=r,. At its outer edge the

smaller of the two angular frequencies is thus

1 . 1
a—+7Te % aJFTS\/7

Qe =

Let us check if this is smaller than the maximally allowed frequency €2:

2 2
0 (it /Se

2 2
arg +ar
— s 2 S S
(Cl‘i"r‘ \/_) (7"82—1—@2)2—(14
2
ar
(a+r6\/_)7”§+2a27‘52
2aa;—rs\/7
72+ 2a2

This ratio should be larger than one, which implies

r2+2a?% < 2a% +2\/2ar,

or

V2

re < 2+v/2a = a>=r

If this condition is fulfilled, the Kerr metric allows for circular orbits inside the ergosphere.

2.3.6 Geodesics in the equatorial plane

Let us now look at arbitrary geodesics in the equatorial plane. In this case we have § =7 /2 (so
df =0) and thus the metric reduces to

2ars

2
dr2=(1-12)ar - Tdr? - S 4 200
T T T

A dtdy

with

A=r?2—rg+a®> Y=(r?+ad??-a?A
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Let us write the relevant metric elements:

rS
git = 1—7
Grr = 7;2
1-=+2
Jpp = —r2—a2(1+%)
_ars
Jtp = -

We might again proceed by writing down the geodesic equations explicilty, which is however
rather complicated. Let us instead use our knowledge of Killing vecrors t* and ¢ and look at the
corresponding conserved quantities. The first one, with is proportional to energy and we therefore
call ¢, can be expressed as

— M
e = utt,
*
v
ng;wat
t ©
U Get + UGt

g+ @Yt

The second, which is proportional to angular momentum, reads

‘ —utp,
—utg,, 84
—u'gry — UGy

= _t.gtgo - Sbgcpcp

*

Thus we can express the t and ¢ components of the tangent vector of the geodesic as

i = 9oe€ + gotl
Gtt9pp — g<2pt
(—7"2 — a2(1 —l—%))g + a:sf
(1=22)(=r2=a?(1+7)) = (55)°
(r’+a?)e — %(f —ae)
a?(1—(52)) + (1= )r2+ ()
(r’+a%e — %(f —ae)

a2 —rgr 412

and

i€ + getl
git — Gtt9pe
ars Ts
- € + ( — T)f
A

where we have used the identity
git — GttGpp = a?—rgr+r2=A

The equation for the only remaining nontrivial component 7 may now simply be obtained by the
normalization condition of the tangential vector

= yt
1 = vwlu,

= u”gﬂyu’/
= gut?+ gri? + Gppp? + 21t
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This implies

9 .9 ..
o _ 1= gut” — gopp” — 2gtt
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r2

A
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T2 _TA2
A
_A | —9ug200” = 29ugo0ote = 9ugpil” — 9pe9iee” = 29epfregul € = GoeGint >
r2 —r2A
| 29000t06° + 2001910¢C + 2109 ppgil € + 29ogiil
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—r2A
_ A 969500+ 290G e = 9or) Jerl € — 9ugpit® = GpeGip®” + Gorgirt
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_ A 9ee(99pe = Gip)e® + 9t Goegr = 951) % — 28gpite
72 r2A
_ _é_'_ —Ag¢¢e2 — Agut?— 2Agpite
72 r2A
_ —A— g¢¢62 — gttbﬂz — 2g¢tf€
7"2
_ —(a®—rsr +1%) + (r2+a2(1 —&—%))62 — 2“:561/” - ( —%)L"2
7"2

S0, in summary, an equatorial geodesic in terms of the constants of motion is described by

(r?+a?)e —<=(¢ — ae)

t. =
a?—rgr+r?
Po= ;{:l\/—( 2—7‘57“4—7‘2)4—<r2+a2<1+ﬁ)>e2—2%ef—(I—E)fz
r T T r
p = met(-2)

a?—rgr+1r2

2.3.7 Radial freefall

Let us now investigate the simple case of an observer which is radially free falling into the Kerr
black hole along the equator. Let us simplify the situation even further by assuming that the free
fall trajectory started with an asymptotic observer at rest in the infinite past. At that time we
had £ =1 as well as 7 = ¢ =0. Consequently the conserved quantities are ¢ =1 and #=0. This in
turn simplifies the geodesic equations to

2
a“Ts
r2+a2+7‘5

r2 a2 —rgr

P = e (36)

. ars
v = r(a? —rgr+1?)

As we have already seen, a radially ingalling observer at vanishing angular momentum will still not
be at a fixed ¢ coordinate. We are however interested primarily in the radial part of the motion.
In the observers eigentime we have

(37)



The integral on the right hand side results in a hypergeometric function

T —To =

ry
1 /r% dr
Vs Vr2+a?
o

2y B 115 »2\\|"™"
B 3@(”*’" “2F1<Z’5’Z’ @))l,_,

which stays finite as r — 0. If we choose the integration constant such that 7=0 at r =0, we have
the relation

2

_ 2r 55 115 r
T= 3\/T_S<\/a +r a2F1<Z,§,Z7 ¥>> (38)

which we can plot for different values of ~:
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-0.5
Sl e
= -1.0
-1.5
0.0 0.5 1.0 1.5 2.0
r
Is

The case a =0 corresponds to the Schwarzschild case. As we can see, with larger values of a the
radially infalling observer reaches the central singularity at r =0 even faster as measured in the
observer’s eigentime.

Let us now look at the same freefall in the asymptotic time coordinate ¢. Using the relation between
eigentime and asymptotic observer time from (36) we obtain

a’rs a’r
dt r2+a2+—r rsr—i-—rs
dr— r24a2—rg r24+a?—rgr

Introducing dimensionless variables
. a .
a=— r=—
Ts Ts
we can rewrite this as
d2
T —_-
dt=1+—F—5—dr
ar—r



Together with (37), which we can write as

we thus obtain

According to (34), this happens at the horizon positions . Since the freefall starts from outside,
the first horizon encountered will be r;. Thus, for the asymptotic observer, the infalling object
will freeze at ry as expected. There is one catch however: As we know from (34), there will be no
real solution to the equation A =0 for a >rs/2. Let us write

1 #2442 P
dt = _TS<1+7A~922+&2—? ) zdr

73 1 #2442 73 A
rs\ e trmmr e |4
re+a rret+ac—ry rée4+a
= —r ” + VP Vil Ul PP
A\ V2+a? P24+a2—7

which can actually be integrated analytically in terms of elliptic and hypergeometric functions. It
can however be easily integrated numerically, too. If we do this for various values of @ and normalize
the time such that at large radii they agree, we get the following functions t(r):
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We can see that for @ >1/2, which translates into a > rs/2 the asymptotic observer time for an
infalling object to reach the singularity is finite. The singularity in this case is not shielded by a
horizon anymore - a case known as naked singularity. There is a conjecture that such situations
can not occur in nature - the cosmic censorship conjecture.

2.3.8 Principal null geodesics

Looking at the metric (30) again, we see that it has coordinate singularities at A=0 and p=0.
The singularity A =0 we have already identified as a horizon which we can hope to get rid of by a
suitable coordinate transformation. The other coordinate singularity, at p=0 has as a special case
for a =0 the Schwarzschild singularity at » =0. We therefore expect this to be the true singularity
of the Kerr metric - but it is rather strange. We have

r2+a®cos?0 =0

which can only be fulfilled if =0 and 6 =7 /2. So in Boyer-Lindquist coordinates the singularity
occurs when we approach one point along exactly the equatorial plane. This suggests that the true
geometry of the singularity is not really a point and we need to change coordinates to examine
this better. Let us start out by defining a vector field

« 12 —I—a a
= R N
Computing its norm

M, = 11 gu,l”

r?2 4+ a? r’+a’a
= A gtt + grr AQ gwa +2—— A A ~ Gte

2 2 2 2
_ (’I“ +a’) (1_TST>_p_ anl 9A2+2 +a aargrsinQQ
02

A2 p2 A A A p2
- A21 3((r* 4+ a?)?p* = Ap" — (1 +a%)ryr — Dsin*a” + 2(r* + a%)a’r,r sin’f)
- A; S((r2 4 a?)2(r? + a® — a®sin®0) — A(r? + a* — asin0)?
+(r? + a?)ror(—r? — a® + 2a%sin®0) — (1> + a®)sin®0a® + A(a’sin’0)?)
N A21 > ((r?+a?)?® = (r* +a®)%a%in®0 — A(r® + a®)? — A(a®sin?0)? + 2A(r? + a?)a’sin?0

+(r? 4+ a?)(r? 4+ a® — A)(—r? — a® + 2a%sin0) — (12 + a?)?sin%0a® + A(a’sin?0)?)
= AQI <=5 ((r?+a?)? = (r* 4 a®)%a®sin%0 — A(r? + a?)? — A(a?sin?0)? + 2A(r? + a?)a’sin0
—(r?+a?)%(r? + a® — 2a%sin%0) + (r? + a?) A(r? + a® — 2a®sin?0))
—(r?+a?)?sin%0a? + A(a’sin?0)?)
=0

we see that it is a null vector. Next, we define

2, .2
rta dr dr# =Ly

dr*= A A
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which we can integrate as (see exercise sheet)

TS r—r ST r—r_
= rp——t—In t 2 In ‘
V2 —4a? T+ V2 —4a? r—
a r—r
r# = In +
/7”5274(12 r—r_

Let us now define new coordinates
v=t+r* Y=p+r#

to replace t and ¢. We see that

r2+a2

Adr

dv=dt+dr*=dt+

and

dz/):dap—l—dr#:d@—&—%dr

In the new coordinates, we thus have the relation

r2 + a2
d’U dt + Td’l’
dr dr
v — =
dx a0 a0
dy do+ %dr

and thus generically the components of a vector z# in the old and new coordinate system are
related by

2 2
r“+a* . " 0. 0 -
X " = —X

A A

¥ =at+

For the null vector [* this implies

r2+a2],,_7“2—|—a2 r?2 4+ a?
"=

v__Jt — —
=10+ A A A 0
and
Yo G2 @ _
l l +Al AT A 0

so that in the new basis only the radial component of [* is nonvanishing and

*

= gh

Although we have not proven it, the [# are in fact tangents to (lightlike) geodesics and in the new
coordinates, they are at constant v, # and v with an affine parameter r. The congruence of these
“infalling” geodesics is called the principal null congruence. Let us now express the metric in the
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new coordinates. We find

dT2(

2
st P~ 3.2 2192 29
dt? — E_dr? — p2d402 — —sin 0d +
pz) A P p @

_ ST r? 4+ a? 2 p 2 2102
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X, _a 2 2arsr . 4 _7“2—|—a2
?sm 9<d¢ Zdr) + sin 9<dv

<
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2
TsT 9 s \1T°+a 2arsr .
e (05
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<<1p2>< X )* e e
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+<2p§sin29%— pgk sin26 < )drdz/)

2a rsr

+

sin?0dvd) — p2dh? — 5; ZsinZ0dy?

Let us simplify this term by term. We find
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'rJraf
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Ap?
—7sr)
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Ap?
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—5sin 20—
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e
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A2
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— Ap*—Ya?sin?0
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P+ a®)? = (rP+a? — A)(r?+a?) p? +((r* + a® — A)(r? + a?) — X)a?sin?0 — Ap?
= A2p2
A +a?) p? +(—A(r? 4 a?) + a?Asin?0)a® sin?0 — A p*
= A2p?
a?sin20 o’

AP+ a?— p?)p? —A(r? + a® cos?0)a® sin?9
= AZp2
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- 2622; 9(2 —rer(r?+a?))
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2
— —2621; 0 (—a2Asin?f + A(r? +a?))

2a sin0

= Tz A
= 2asin?0



So the metric has the form

Cl’l"g’l"

dr2= ( rpgr >d 2 —2dwdr + 2a sin0drdy + —=-sin?0dvdyp — p>dh> — p—stde2 (39)

2.3.9 Kerr-Schild coordinates

One particularly interesting feature of the metric (39) is the way in which we can write its depen-
dence on rg. Rewriting

g¢¢ = —%Singe

(r? +a?)? — a?Asin?0
- sin26

72+ a2 cos20
(r’+a%?—a*(r*+a®— T‘ST‘)Sin2asin29
7“2 + a? cos20

_ (r?2 +a?)(r? + a® — a%sin?0) + a®rsr sin0 sin20
r2 4 a2 cos20

2
rer .
5 sin6

= —(r?+a?)sin?f —

the metric can be decomposed as

dr? = dv?—2dvdr + 2asin?0drdy — p2d6? — (r? + a?)sin?0d?

2 4
7:;7“d V24 (/Lpré 20757 120 dpd ) — a®rgr sin*6

p? dy*

On the right hand side, all terms in the first line are independent of rs, while the second line
is proportional to rs. Pulling out the common factors, we notice that the remainder in fact is a
complete square, i.e.

dr? = dv? —dovdr +2asin?0drdiy — p?d6? — (r? + a?)sin?0dyp?
- 7’;27’ (dv — asin?0dv)?

The second line on the right harid side can in fact be written in an even more compact form.
Remembering the null vector I# = — §¥, we find

ldzt = Itg,, dz¥

—3Grv dxy
—Grovdv — Grep dv
= dv —asin?0dy

so in fact the metric is

dr? = dv?—2dvdr + 2asin®0drdy — p?do? — (r? + a?)sin?0dy?
Tsr (l dah)?

It is interesting that in the limit 75— 0 only the first line of the metric survives. But we already
know that for r; — 0, the Kerr metric describes flat Minkovski spacetime in a peculiar coordinate
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system. If we denote the flat metric as 7,, we can ultimately write

Ju="n —ﬂll
v v p2 wly

To better understand the metric, we now make the coordinate transformation
r+iy=(r+ia)sinfe®¥ z=rcosb t'=v—r
SO
dz +idy=drsinfe™ — (a —ir)sinfe’¥ dy) + (r +ia) cosfe’™” df
and
dz=dr cosf — r sinfdf dt'=dv —dr

This implies that

dz?4+dy? = (dz+idy)(dz —idy)

(dr sinf — (a —ir) sinfdy + (r +ia) cosfdb)

(drsinf — (a+ir) sinf dy + (r —ia) cosf d6)

(sinf(dr — ad)) + r cosfdf)? + (r sinfdep + a cosf df)?

= sin?0dr? + (r2 + a?) cos?0d6? + (r? + a?) sin?0 d1)?
—2asin?0drdr) + 2r sinf cosf drd

and thus

dt” —dzidz! = (dv—dr)?—da? —dy? — (dr cosd — r sinfddh)?
= dv?—2dvdr +dr? — dr? cos?0 — r? sin?0 d6? + 2r sinf cosf drdf
—sin?0dr? — (r2 + a?) cos?0d#? — (r? + a?) sin%0 dy)?
+2asin?0drdyp — 2r sinf cosfdrdd
= dv?—2dvdr — (r? + acos?0) d6? — (r? + a?) sin®0d? + 2a sin?0drdey
= dv?—2dvdr — p? d6? — (r? + a?) sin®0d+? + 2a sin®0dr di)

which is exactly the flat part of the Kerr metric. The coordinates ¢/, z, y and z are thus the time and
carthesian coordinates in the case of flat Minkovski space. They are called Kerr-Schild coordinates.

2.3.10 A closer look at the singularity

We can now finally come back to the question of the singularity that occurs for 724 a2 cos20 = 0.
In Boyer-Lindquist coordinates this had the strange implication that the singularity occurs only
for 7 =0 in the equatorial plane. In Kerr-Schild coordinates we see that

22+ y? = (r>+a?) sin0 z=rcosd
so r =0 corresponds to
22+ y>=a’sin%0 z=0
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which is not a point but rather a disc with radius r. The inside of this disc corresponds to values
sin?f < 1 and at its boundary we have sin?) = 1, which is the location of the singularity. The
singularity is thus annular in shape and in Kerr-Schild coordinates corresponds to the circle

In fact, if we stay clear of the equatorial plane, we can not hit the singularity. We can imagine a
trajectory, e.g. with cosd =1 that passes right through the middle of the ring and exits again on
the other side.

2.3.11 Going through the singularity

Let us try to see what happens if we aim for passing through the annular singularity of a Kerr
black hole. Going in we will first pass through two horizons, 7 and then r_ before we even reach
r=0. This may sound simple enough, but one has to remember that already at the time when we
approach the first horizon, there will be an infinite time dilation and thus we will see the entire
timelike future of the outside region when crossing the horizon. This begs the question of where
we actually emerge - will t be an asymptotically flat region or will we be trapped inside the black
hole somehow?

In order to answer this question, we will need to explore the global structure of the Kerr metric, just
as we did for the Schwarzschild metric. In the case of the Schwarzschild black hole, we introduced
the lightlike Kruskal-Szekeres coordinates v =%+ r* and u =t — r* for that purpose. When we do
the same for the Kerr metric, we find

_ 2 +a? _ r? +a?
dv=dt+ A dr du=dt — A dr
SO
_du+dv _ A(dv—du)
di=—— dr=5mra

which we can plug into the Boyer-Lindquist form of the Kerr metric. In order to simplify things,
we will only look at the rotation axis, i.e. # =0. This should be sufficient for our purposes as it
corresponds to going right through the middle of the singularity. We can rewrite the metric (30) as

2, .2
+a
d2:(1— 7‘57‘)2_ r dr?
T r2 4+ a? r24+a2 —rgr "
_ r?’+a®—rer(du+dv 2_ r2+a? (r? +a? —rgr)(dv — du) 2
o r2+a? 2 r24+a?—rgr 2(r2 4 a?)
1 r2+a?—rer
2, .2
r“+a
= (Tir;r)(rgrf)dudv
r“+a

Let us now see which coordinates v und v the horizon at r4 corresponds to. Remembering that r*
is given by

Tsr4 r—ri rsr_ r—r_
r*=r+ In — In 40)
/12 —4a? T+ V12 —4a? T (
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we see that

T—T4 T—T4 rT—T4

In these coordinates the metric thus only describes the outside region of the Kerr black hole r >r .
In that outside region we can as well write

s+ ln’l" — T4+ o rsr—

Vri—4a?2 T+ Vr2—4a2 -

r*=r4

which allows for a smoother continuation. Similar to the Schwarzschild case (24), we now introduce
coordinates that are supposed to eliminate this logarithmic divergence. We define

U+: —e Y V_._:ekurﬂ
with a constant k. yet to be determined. The differentials now read
dU+ = —K/+U+du dV+ = H+V+d’l}

so the metric can be rewritten as

drr= = —r) 1 4y gy, (41)
r2 + a? /Q?,_U_A,_V_._

We can express the new coordinates as

U+ = _eiﬁ‘F(t*T*)
- ar
l{+ 7I€+
= _emten) ([T e (T T 2 4a2
T4+ r_
V+ = eﬁ+(t+"'*)
TsT 4 TT_
Ii+ 7!‘64,
— () T T JrE—aar (1 —1r_ VrE—a2
T+ r_
so that
2H+ TST 4 72H+ ST _
ULV, = e T=re )V (1o
T+ r_
If we now choose
V 7"82 — 4a2 ry—7r—
Ry = =
2rery 2ry(ry+ro)
and define a similar
V 7"52 - 4Cl2 ry—r—
K_= =
2rgr_ 2r_(ry+r-)
we obtain
_tt+
r—ryfr—r_\ =
U+V+ = _€2K+T—+<—> (42)
T+ T_—
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The metric (41) may thus be written as

my
2 _ —2n+r7“+(7"_7"—) r—r-\~_1
dr & 7‘2 T (L2 ( — ) /{,i dU+dV+

which is regular at the outer horizon . According to (42), the outer horizon is at U;V, =0. Curves
of constant r >r; are hyperbolae in the coordinates Uy and V with U;V, <1, while curves of
constant ry > >r_ are hyperbolae with UV, > 1. The following diagram depicts this for a Kerr
black hole with a=0.47.

This is all very similar to the Schwarzschild case. The only real difference is that with this coor-
dinate patch we can only describe the geometry for r >r_. According to (42), U4V} diverges as
r—1r_, so we have to use different coordinates as we cross r_. These coordinates are in fact easy
to find. We define

SO

dU_=k_U_du dV_=—k_V_dv

and the metric can be written as

dr?=— (r=ror—r-) 1 dU_dVv_ (43)
r2+a? K2ZU_V.

=
|

With this new coordinate patch we can only describe the region r <ry, starting from r >r_. In
that region, we can write (40) as

TsT+ ln’l’.l,_ -T rsr— In r—r—
- A

Vr2—4a? T+ Vri—4a?2  T-

rf=r4
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In terms of our original » and ¢ these new coordinates are thus

U = 76n,(t7r*)
B O (e i 72NT; rT—T_
T4+ T—
(44)
V. = _efn,(tﬁﬂr*)
R et N [
Ty r—
so that
U_V._ = —gwrr_r<r+r:r) m (45)

The metric (43) in these new coordinates reads

2 __ QR_T(T+—7“)T_L ry—T :i
dre=e " H2_< o ) dU_dV_

which is regular around r_. According to (45), the horizon occurs at U_V_ =0 and curves of
conatant r are hyperbolae with a constant U_V_. For our example case a =0.4rg, this looks as
follows:

First we note, that curves of constant r >r >r_ are spacelike as required (because they were
spacelike in the other coordinate patch). The position of the outer horizon is both at the bottom
and at the top at an infinite coordinate distance. When we pass inside the inner horizon r <r_
however, they become timelike again like they were outside the outer horizon. Thus the =0 line
is timelike again, in contrast to the Schwarzschild case. Also in contrast to the Schwarzschild case,
7 =0 is not singular outside the equatorial plane. Since we are outside the equatorial plane, we
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may just continue our spacetime to negative values of r. In fact, the coordinate mappings (44) are
regular for all negative values of r and we find two asymptotic regions as r — —oo, corresponding
to the left and right quadrant.

Now imagine that we have crossed the outer horizon at r, entering the diagram from the lower
quadrant. Obviously we can choose future directed world lines which go to either of the r — —oco
asymptotic regions or into the upper quadrant where we again proceed to r

If we follow the world line into the region where r is increasing again, our coordinates are again not
sufficient as we approach ry. But now we know how to handle this: we just use another Kruskal
patch with U, and V, coordinates. Let us depict this patch again:
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Remember that we have just crossed the inner horizon r_ on a trajectory with increasing r.
We thus enter the new coordinate patch not from the right quadrant but from the bottom one.
Consequently, we may actually proceed to all three quadrants of this new patch. At this point it is
important to note that although we are using the same coordinates here than in our first Kruskal
patch (where we started outside the outer horizon), the regions are nonetheless not identical. The
first U;-V,. covers a region in the past of the U_-V_ patch, while the second one covers a region in
its future. Remembering that spacetime is a manifold, there is nothing particularly surprising about
it. It is simply an instance of a manifold where one single coordinate patch is not sufficient to cover
the entire manifold. In fact, our extension of the manifold is not even complete. The past of our
first U~V patch as well as the future of our second still end at r_. We can extend both by adding
another U_-V_ patch, which will make them end in r4, requiring yet two more U,-V, patches and
so on. The maximal extension of the Kerr metric along its axis thus consists of an infinite number
of alternating U;-V; and U_-V_ patches with the entire outside (of r4) world represented by a
single right quadrant of one U-V, patch. We can depict this compactly in a Penrose diagram:

Coming back to our original question of passing through the annular singularity, we see that this
will bring us to an r <0 patch. Somewhat surprisingly though this does not seem to be the only

59



option. There are timelike curves that emerge into the asymptotic region of another U,-V, patch
and there are those which bounce between 4 and r_.

2.3.12 The inner horizon

We have seen that the maximally extended Kerr metric has some very peculiar features. It seems
that an observer may move into an entirely different universe. Some of these universes look like
copies of the original one, but there are also the coordinate patches with r < 0. The obvious
question is whether in a physically realistic black hole these additional regions are accessible or
whether they are mere mathematical curiosities. But before we try to answer this question, let us
take a closer look at the r <0 region. The Kerr metric in Boyer-Lindquist coordinates (30) shows
us that r appears only in terms 72 and 7¢r. The r? terms are unaffected by a sign flip in 7 while
for the r¢r terms the sign flip in » may in fact be shifted to a sign flip in rs. We can thus conclude
that observers in the r <0 region can in fact interpret their situation as being in a Kerr metric of
negative rg, i.e. of negative mass. This is problematic, since there are no horizons for r5 <0 - the
equation A =72 — g 4+ a® =0 has no positive, real solutions for 7, < 0. Thus the singularity at
r=0, #=m/2 is not shielded in this region, but exposed as a naked singularity. So it seems that
if a tunnel to other universes is indeed open, the cosmic censorship conjecture is violated.

In order to see what is actually happening, we investigate the behaviour of a radially infalling
observer along the symmetry axis. Along the # =0 axis (using the identity a?=r,7_), we can write
the Kerr metric as

_ _ 2
dr2= (r ;+) (r r—) de2 — e Tryr— dr2
r24ryr_ (r—ry)(r—r-)
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The energy per mass along a timelike geodesic at § =0 is thus given by

e = gyut

= r)r =),
r24ryir_

The normalization condition of the eigenvector gives us

1 = (T_rJr)(T_T*)iQ_ T2+’I"+’)"7 ,):,2
r24rer_ (r—ry)(r—r2)
r2 +rer—

[T T

so we have the geodesic equation

e2=gry LT =r)
re4+rer_

This is equivalent to the motion of a classical particle in the coordinate r in an effective potential,
which is given by

_(r=rplr—r)
Uett = r24rer_

which, for various values of a looks like this:
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Interestingly, the effective potential actually has a minimum for all a > 0. It lies between the two
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horizons, which are just the zero crossings of the potential. Objects with ¢ <1 thus oscillate radially
and objects with ¢ <0 do this in between the two horizons. More generally, the inner horizon seems
to be repulsive, which is remarkable in itself. With ¢ > 1, we can actually overcome this repulsion
to enter the region r < 0. In order to see what happens beyond the crossing of r =0, we can plot
the effective potential in that region, too:
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As we can see, the effective potential has a finite maximum for all @ > 0 and we can enter the
asymptotic regime r — —oo with finite energy. There the gravitational force is repulsive, consistent
with the fact that observers in this region assign a negative mass to the black hole. So for a perfect
Kerr black hole all those additional regions are accessible, but the question is, whether they are
realized in nature. Since the detailed calculations are quite lengthy, we will argue only qualitatively,
mostly with Penrose diagrams. Let us begin by seeing how a gravitational collapse may produce
a Kerr black hole. For the Schwarzschild black hole, we had the Vaidya metric, which was in fact
an exact solution for a certain form of ingoing null dust (see exercises). This solution can in fact
be extended to the Kerr case, but there it violates an energy condition. Nonetheless, when we
draw the Penrose diagram of an ideal collapse of a thin shell of null dust, we can see the maximum
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possible structure a Kerr black hole can carry if we assume that it was somehow produced from
normal matter. We just glue together a Minkovski metric in the inside region with a metric with
a Kerr metric in the outside region:

This form of the collapse assumes that the null dust actually collapses right through » =0 and
into the asymptotic region r — —oo. This is rather clearly unphysical and a more physical collapse
scenario might look as follows:
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=00

=00

=0, t=-c0

It now becomes clear that whenever we want to enter one of the “exotic” regions, we have to cross
the inner horizon r_. Now assume that we start in the outside region, at point P and follow
a timelike trajectory to point (. As we pass the inner horizon r_, two distinct things happen:
First, the entire outside region of the original universe we lived in is inside the past light cone.
This implies that every singal that was ever sent from this region towards the black hole reaches
us in one instant and, because we are at the inner horizon, all of it is infinitely blueshifted. This
leads to the generic belief that the inner horizon is unstable, as a small perturbation from outside
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has an infinite effect there. The second thing that happens at r_ is the sudden appearance of an
entirely different universe in our past. Up to the crossing of r_, the past light cone of any observer
was inside the original universe and thus its future is determined by it alone (this is indicated in
the figure for point P). Once we cross r_, this is no more so. As seen in the figure, the past light
cone of point @ includes the past boundary of the new patch at r = —oco. Although this is not a
singularity, this is a pathological behaviour. We have some geodesics that are not extensible into
the past beyond the end of this new patch of the universe. This suggests that a Kerr black hole that
forms from e.g. stellar collapse will have a different internal structure than the maximal extension
and passage to other patches are probably not possible in the real world.

3 Quantum field theory in curved spacetime

In the preceding chapter we have studied classical black hole solutions to the field equations. We
have, up to now, entirely circumvented the problem of coupling the gravitational field to any kind of
matter or energy distribution by simply looking at vacuum solutions, at most qualitatively arguing
to piece them together with matter solutions qualitatively. Indeed, finding solutions of the field
equations with “classical matter” is in some sense much more phenomenological and less rigorous,
if this matter is itself not described by a field. On the other hand, we know that matter, at the
most fundamental level known today, is actually described by quantum fields. It is thus natural to
include matter fields into our treatment of gravitational phenomena. However, full quantization of
the complete system including gravitational and matter fields is one of the most prominent unsolved
problems in contemprorary physics. We will thus not try to address theis problem here, but rather
approach it by quantizing the non-gravitational fields only, while still treating the gravitational field
in a classical manner. The resulting theory, known as semicalssical gravity, is thus neither entirely
rigorous nor in fact uniquely defined. It does, however, still exhibit some interesting phenomena
at a relatively basic level, some of which we will explore here.

3.1 Coupling a scalar field to gravity

3.1.1 Field equations as Euler-Lagrange equatuions
The Einstein field equations may be derived from extremising an action

S= Sgrav + SJW
where Sgrav is the part of the action that is exclusively due to gravity. Generically, the action of
a free field theory contains second derivatives of the field. In our case, the gravitational field is
given by the metric and the second derivatives of the metric is the curvature. Since the action also

needs to be a scalar, it is reasonable to assume that the Ricci Scalar will be part of the action. In
addition, we may also include a generic scalar, b, so that our ansatz for the gravitational action is

Sgrav:/d4:£ V=g (aR+DbA)

where the \/—g factor is needed to have a coordinate independent 4-volume element dz \/—g and
a is a factor yet to be determined. For the matter Lagrangean, we make the very generic ansatz

SMz/d‘lx\/—gEM

In order to find the classical Euler-Lagrange equations of this system, we demand that the variation
of the action upon varying the metric g®? vanishes, i.e.

05 =0
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With

OR  ORg"
agaﬁ B agaﬁ
= Ra5+R5a
= 2Rup

and (denoting the metric tensor in matrix form as G)

we obtain

0v/—g
9g*h

1 Jg

" 2y/=g 0g™B
1 9Jdet(G)

2\/=g 0g°P
1 aeln(det(G))
2y/=g 097
L in(det(a)) Oln(det(G))
2=y dg*?
g Oln(det(G™1))

2y/—yg g
V=9 0Tr(In(G™))
2 ago‘ﬁ
\/—_gTr( Oln(G1) )
2 dg?
-1
\/2_gTr(Caa§aﬁ >
V=g _ 9"

R

-9 v v
Y8 g (5185 + 356%)
—V —99ap

8Sgray = / d42 (5,/=F (aR+b)+ V=5 adR)
/ 4% (= /=G g R+ b)5g™? + ay/=g 2Ra i)
= /d%ﬁ <2a (Rag - %gagR) - ga5b>5g°‘5
2a/d4x\/—_g (Gaﬂ —~ Q—ba gaﬁ>5g"ﬂ

If we identify —b/(2a) = A, the bracketed expression is proportional to the left hand side of the

Einstein equation, so

6S€rav = 2a/d4x\/ -9 ( Gaﬁ + gaﬂA)(Sgaﬁ

Let us now turn to the matter part of the action. For it, we generically find

0Sm

/d4x (0/=9 Lr++/—9g0Lwm)

Jds (—\/—_ggaﬂ 89°% Lag + /= aﬁM‘sgw)
oL

/d4x\/—_g <_8g"l‘vé — GapB £M>59°‘ﬁ

0g™?
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so that, in total,

58 = /d4x\/_<2a( aB+ gaph) + gﬁw gag£M>5g“'@

Demanding that the variation vanishes implies the vanishing of the integrand, thus

1 oL
Ga[-} + gozﬁA (ga,@ EM M>

9g*B
with the constant a still to be determined.

3.1.2 The Cristoffel symbols

You have probably noticed, that in the preceding derivation we assumed the Ricci tensor R, to
be independent of the metric g*°. We know, however, that the Ricci tensor can be constructed
from the Christoffel symbols according to

R;w = (F/Iy T - I WT v + szyrlu FI?;'FJ&)

and we have learned, that the Christoffel symbols can be constructed from the metric. However, as
Palatini realized, we do not need to postulate this welation. We may in fact assume the I'’s to be
independent variables for the sake of the variation, and call them the affine connection. Applying
the variational principle to these, we find that the variation of the total action with respect to the
affine connection may be written as

0S = a/d4m\/—_gg’“’5Rl“,
= a/d% V=9 9" (0L, 7 — oL , + 0TL T, + TL0T), — 0T T 0, — [50T)0,)
— o[ @t (V= ") T+ (V=3 )0 T)
+a / 'z /=g g™ (650205, + 63050 51T, — 6805021 7, — T0750585) 0T,
= a [t (<=7 ™) 3585 + (V=5 9). THOE)ATY,
+a / d'z /=g 9" (65T, + 0505T 75 — 05T 5 — 65T,55) 0L,
Demanding the variation to vanish implies that the term in the integrand which multiplies 5F§

vanishes. In fact, since we require the connection to be symmetric in its lower two indices, we only
require that its symmetric part vanishes. We call the unsymmetrized expression %{C and find

VS = (V00 0555+ (V=) SRR+ /G 9 BT, + O5ALTY 05T 0T

= —(V=99%) 5+ (V=9 9%)., 05+ V=g (859" TS, + gT7s 9“5F< fgf”FC)
= —x/—_ggfé—\/—_gwgg“Jr%\/—_gfy”Jr%\/—_,ng”Jr\/—_ (559“” o+ 95T — 294 Tgp)

vV—9g v—9,
_ ¢ Ev &¢ & v C &§rr € ¢ ,5 ¢V T _ev
= V=g 591/ 973 5 gt I + g°°I7; 2gi-T 5 g
( ? 7 nb v =9 vV—3g

= V=9 (059% — g%+ 059" Ts, + 5T — 29" T55 — In(y/=9), 5 9% + d5In(v/=9),- 9°%)

= V=9 (0595 — 9%+ 059" TS, + 5T — 29" 155 — In(y/=g) 595 + 5In(v/=9) 0 4°)
and, with the help of (9),

1 1
Vi< =055 — 955+ 059" Ty + 95T — 20" s = 50" 0, 5 9% + 59" G 0 05.9%°
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Using the identity

gwjguuﬂ'gaﬁ = (gwjguugaﬁ)ﬂ' - gffryg;wgaﬁ - guyguugf);—ﬂ
= 4¢% — 9" 9, 9°° — 49’
= — 9" g g™

we may rewrite this expression as
1
Vi©=059% — 9% + 859" TS, + g%l — 20" T + g 5 90 9% — 5915 9 5.9

We may now check if our definition of the Christoffel symbols in terms of the metric requires the
symmetric part of this variation to vanish. We first compute

1
grv ]-—‘;fu = §gwjg<a(gua,u + Gow,pu — gp,u,a)
1 1 1
= _glwgcagua,u + §glwg<agow,u - §guyg<agiw,a

2
1 1 1
= (0% =95 = 9) +5 (g5 — gl — 95 — 5 (4957 — 99 g — 49)

1

= 595 — g5+ 99 gm)
1

= 5909~ g3

T

1
™ = §gTa(gTa,ﬁ + Gap,m — g'rﬁ,oz)
1
= 5(—9,75‘%1 — 97 9ap+ g:rg‘g.,-g)
1
= —59,75‘9701
1 1 1
g'uE FHCB = §gﬂgggagﬂa7ﬁ —+ §g#£g<agaﬁ,# — Eguggcagp,ﬂ,a
1 1 1
= 505 9%~ 95) +5(9'05 — 91505 — 995 90p) — 5(059.5 — 9%9* 95 — T50)

1
= 5(=9% — 9"95 9an + 9"

€ Ca
5 g

9up)
so that
1
VS = 8595 — g%+ 059" Tg, + 9T, — 29" T; +—959W9“ 595 9u 05.9%
1 1
= 5493"—gg+29 SO 9% — 5905 Y905 95
1
+5§< g“”gcaguu—gfﬁ‘)—5975‘97&9“—(—9 — 91895 g0p + 9" 9 gup)
— 5C E# 5 Cu v 5 Ca _ (5 o wé ST Cu,TE
59+ g 9uv (39 59°%) +(9"%9 — 997, 9-5

This expression is indeed antisymmetric in £+ (, so we conclude that our initial definition of the
Christoffel symbol

1
L= §9aﬂ<9uﬂ,u + 96v, 1 — Guv,5)

fulfills the Euler-Lagrange equation that results from the variation of the action. Indeed, one can
show that it is equivalent to the Euler-Lagrange equation and thus does not need to be imposed
independently. We will not need this property, however, and thus do derive it here.
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3.1.3 Adding a real, scalar field

The Lagrangian of a free real, scalar field in flat space is given by
1 242
Lo 25(8;@8’% —m2¢?)
It is easy to check that the Euler-Lagrange equations

P 0Ly 9Ly
"0(0.0) 09

imply the Klein-Gordon equation. Rewriting this Lagrangian in our notation results in
Loy = 1 nv 2 42
M—§(9 ¢,ub,0 —m?¢?)

which we may plug into (46) to obtain

. 1 B 0L
Gag+ gaph = %(gaﬁﬁM _(9gaﬁ>
1 1 v
= %(gaﬁ 5(9” ¢,u¢,u - m2¢2) - ¢,a¢,ﬁ>

1 1 1
- _= N 2.2
2a<¢,a¢,[‘3 29aﬁ¢,u¢ + 29aﬁm ¢ )

(47)

We may fix the constant a by going into a local Lorentz frame, setting the cosmological constant

A =0 and computing the energy density

Ty = —Gu
P

: 1, 1

— (-3 Vo) + fe?)
1
2

(0*+ (V)2 +m?¢?)

= TT6ra %0

In the last line, we have identified the flat space Hamiltonian density of a real scalar field

H=5(62+ (V) +m’?)

which leaves us to identify the constant

1
167

so that the gravitational action can be written as

v = ip_
Sgrav— 167T/d T g (R 2/\)

and the field equations are

1 1
Gaﬁ + gagA = 87T< ¢,a¢,ﬁ - 59(15 QS,,LLQS”LL + §gaﬂm2¢2)
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We now specialize to the case of a vanishing cosmological constant and also of a vanishing scalar
field mass. Tracing the energy momentum tensor, we find

T'=0¢ap®=2¢up"=—=¢ 00"

which allows us to write the field equations in the form
1
Raﬁ = 87T<Tag — §ga5T> = 87T¢,a¢75

3.1.4 Classical equations of motion for the scalar field

To obtain the equations of motion for the scalar field, we demand that the variation of the action
with respect to the scalar field vanishes. We have

i = / A% /= 8(gH6, b,y — mP6?)
_ / iz /=G (9", 06, — m?$o6)
- / dAx (/=g 50) , — / 44z (V=g 9", 06 +/—g m*$66)

The first term in the last line may be cast into a surface integral, which vanishes in the standard
way because the variation d¢ is restricted to the inside of the volume. Demanding that the variation
of the action vanishes therefore leaves us with

(V=9 9"",1) v+ V=g m*p=0 (49)

which is the generalization of the Klein-Gordon equation. Using the divergence formula (8), we
may recast it as

9",y +mPp=0

3.2 Quantization

In semiclassical gravity, we quantize the matter fields while keeping the gravitational field, i.e. the
metric, classical. As one can imagine, this procedure is not entirely well defined and consistent.
Looking at the calssical field equations (48), it is obvious that they need to be modified to account
for the quantum nature of the right hand side, while the left hand side still is classical. The most
straightforward way of proceeding consists of taking the expectation value, with respect to a certain
scalar field quantum state, of the right hand side. Although this is the usual way of defining the
semiclassical Einstein equations, one needs to be aware of the fact that they involve the curvature
tensor components, rather than the metric itself, as the fundamental classical objects. As the
curvature tensor includes terms that are nonlinear in the metric, we are therefore discarding the
quantum interaction in these terms. We will, however, even go one step further initially. We will
assume that the dynamics of the quantum field has no backreaction on the metric. The curved
spacetime metric, however it might look like, is assumed to be a background, undisturbed by the
field we are putting on top. Although it might look artificial and not very useful on first glance, it is
indeed a reasonable representation for e.g. a radiation field in the vicinity of a very massive object.

3.2.1 Canonical quantization in Minkovski coordinates

Let us first briefly review the standard canonical quantization of a real, scalar field in flat spacetime
in Minkovski coordinates. The classical Lagrangian density is given my

1

EM:E

(¢2t - ¢2:£ - m2¢2)
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where for simplicity we are working with just one spatial dimension. The metric determinant

v/—g =1 is trivial, so the action is
1
Sur = [ dtda (6% = 6% — m26?)

and we find the canonically conjugate momentum

T(z) :%: 6.4(x)

Next, we decompose the field into Fourier modes

o0

dk ik n
t = ———e'"To(t, k
stta)= [ etk
which allows us to write the action as
1 L ek Na R N
S = 5/ AL (k7G4 () b o) + (6K — ) $() 6 (K))

= 5 [ (D)) = (2 ) (k)6

The inverse Fourier transformation is

y — Ood_x —ikx
o(tk)= \/ﬁe o(t,x)
and reality of the field ¢(¢,z) = ¢*(¢,x) implies
e [0 e — Bt —
Gtk = [ Seeteolt,z) =it~ b

SO we may write

Swu=1 / dtdk (8,(k) (k) — (k2 +m2) (k)" (k)

The canonically conjugate momentum is thus given by

. 5Sws .~ N
II(k) = — = k)= —k
(k) 230k 4 ot(k) = ¢4(—k)
and thus the Hamiltonian becomes
1 r - S [N
= [ AR + 02+ m?) ()5 5)

(50)

(51)

which amounts to an effective diagonalization. The canonical equations of motion can now be read

off as
~ 0H

¢,t(k):mzﬂ(—k) H,t(k):—m:—(k2+m2)¢(—k)
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so that indeed we have a collection of noninteracting harmonic oscillators with angular freqiencies
wr=+/k?+m?. Note, that the canonical conjugate momentum in real space (50) is thus connected
to the momentum space momenum as

(t,x) = ¢t x)

Ak
— ’L z t k
dk zkz H( k)

v@;

We now promote the scalar field and the canonically conjugate momentum to operators ¢ and
II. For each Fourier component of the quantum field, we may disentangle the two frequency
components with the ansatz

1

(ﬁ(t, k) — 2wk (elukt i + e uuktak)

which also satisfies the reality condition (51). From (52) it then follows that

f[(t7 k;) = ! \/_v(‘;k <eiwktaZ _ e—iwkta_k)

so the time independent operators aj can be expressed as

. 1 . .
ap=e"“t——(wpp(t, k) +iII(t, —k))
and thus

(Wk¢(t —k) —iTI(t, k))

Since their Fourier modes are independent harmonic oscillators, they must obey the commutation
relations (in natural units, so i=1)

[p(t, k), TL(t, k)] = i6(k — k)
at all times. Note that for the fields themselves this implies the equal time commutation relations

o0 oo

(6t 0) M1t 0)) = 5 [ak [ar =g k) T k)
— / ;’: ik(z—y)
= igé*y)
For the ladder operator ax, we find
faral] = et L (i, k), T, k)] + o [FL(E, — ), (2, "))

2«/wkwk/

S(k — k')
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so that the Hamiltonian may be written as

oo

o=l / Ak(TT(—k)TL(K) + W (k) (k)
= %/dk(—%(e“ktaik—e_i“”ctak)(ei“kta,zfe_“’“tafk)

— 00
_i_%(eiwktaik_’_e*iwktak)(eiwktalz+67iwkta7k)>
o0

= /dk%(aika,k—i—akaz)

—0o0
o0

= /dk%(a,zak—i—aka,i)

—0o0

or, with the help of the commutation relation (54)

H= / dkwka,iakJr% / dkwy, 5(0) (55)

The second term is the divergent vacuum energy, which is usually removed by normal ordering.
The first term exposes a free quantum field as a collection of independent harmonic oscillators,
where the ladder operators corresponding to a certain momentum k£ are interpreted as creation
and annihilation operators for “particles”. One needs to keep in mind though, that these particles
are just excitation levels of the corresponding oscillator, which we may collectively count with the
number operator

Ni=ajay N= / dk Ny, (56)

—0o0

We may also define a vacuum state |0) as the direct product of the ground states of the individual
oscillators so that

ag ‘0> =0
and build a Fock space on top of it in the standard fashion. Finally, let us explicitly write down
the field and momentum operators in terms of the particle creation and annihilation operator

o0

dk . .
(ﬁ(t,l’): /2 ﬂ_w]cezkcc(ezwktaik+671wktak)

—0o0

o0
I(t,z)=1i /%1 /%eim(e“ktu; —e"wrtg )

For the special case of vanishing mass, we have wy = |k| and the field decomposition becomes

and

o0

o(t,x)= /ﬁei’“(e”k“au + e kltgy) (57)
T
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3.2.2 Mode decomposition

Before we proceed to investigate other metrics, let us pause for a moment to investigate how we
may extract the annihilation operator corresponding to a certain mode. For the Fourier mode

e!kz=wit) this is a simple matter of plugging in all our field transformations in the reverse to find
Wit 1 n - T
a, = ek (wrd(t, k) +i11(t, —k))
ka
. 1 . .
= MM tok) itk
e m(wkd ) +ia(t, k)
o B R (RO R (0)
2wy, 2 /
_ 1 dz (Wk ei(wktsz)d)(t’ 1,) + Z-ei(wktsz)qb t(t, 33))
RV4 2wk kY4 21 ’
%
i dz

= N m(_ (ei(wktfkan))dﬂ)(t7 z)+ ei(wktfkap)d)ﬂf(t7 )

This expression has an interesting structure, which we can more clearly expose by defining the
Klein-Gordon inner product

o0

(f.e)i=i /dx(f*e,t—f,ie)

— 00

which allows us to extract the annihilation operator

ai=(fr, ¢) (58)

where
1 .
— i(kx —wit) 59
T NS me (59)

is the properly normalized mode that corresponds to the annihilation operator. Proper normaliza-
tion is understood in the sense that

(frs for) = 0(k = &) (60)
Exercise 4. Show that the fi as defined in (59) fulfill this normalization relation.

The Klein-Gordon inner product has the interesting property (exercise!) that it is time translation
invariant on solutions of the Klein-Gordon equation. However, in the form that we have defined it
now, it is limited to Minkovski coordinates in flat spacetime. To generalize it, we first note, that
(¢, @) is (proportional to) the Noether charge that corresponds to the global phase shift symmetry
of a complex scalar field ¢ (exercise!). It is thus natural to view the Klein-Gordon inner product
as the time slice integral of the time component of a current

Julf.e)=iv=g(fle.— fle)

that can be defined in arbitrary coordinates. Indeed, selecting any spacelike hypersurface ¥ with
the future directed hypersurface normal vector 3#, we may define the Klein-Gordon inner product
as

(fre)im /dE“ju(f,e)

P
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in a fully coordinate independent way. One may show (exercise!) that if both f and e are solutions
to the Klein-Gordon equation (49) in arbitrary coordinates, then j,(f,e) is indeed a conserved
current in the sense that

(j#(ev f))7H:0

Consequently, the Klein-Gordon inner product between two solutions of the Klein-Gordon equation
is independent of the spacelike hypersurface on which it is evaluated.! Straight from its definition,
we can also see, that the Klein-Gordon inner product has the property

(f.e)=(e. )1

and, if e and f and its derivatives commute (e.g. when either f or e is scalar, i.e. if either ef=e*
or fT= f*), we also have

(ffef)y=—(e f) (f,f)=0

Interestingly, this implies
(¢, fr) = (v, &) =af
and also, since ¢ = ¢ is a real scalar field,
(-t d)=al
so the creation operators are obtained from the inner product of the modes

fi= fit = e k)

2\/mwy
with the scalar field. These modes have negative norm
(Jios fur)y = (= fit, = i) = —(fiw, fu) = —0(k = &)

and no overlap with the modes f; associated with the annihilation operators

oo

ooy = i [ do(=fif 12 )

— 00

= L[ qpe-ilttk)e—(wirwn| [Wr Wk
Ir wer ) wi

1, w W’
i(wrtwg)t k k /
3¢ ' ( Vwe  \ ws )6(k k)

=0

Let us now generalize the definition (58) to allow for a general function f instead of just the Fourier
modes

a(f)=(f,9)
With this definition, we find that (exercise!)

la(f),al(e)]=(f.e) (61)

1. Strictly speaking, this is only true for functions that vanish at spatial infinity. We will, however, always imply a
proper limit of a wave packet that vanishes at spatial infinity for cases where this condition is violated.
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provided that the equal time commutation relations (53). In fact, demanding (61) is equivalent
to demanding the equal time commutation relations, even in arbitrary spacetime backgrounds.
Because

al(f)=(f, @)1 =—(f" ¢)=—a(f")

we also find

and
[af(f),a’(e)]=—(f"e)
For a normalized positive norm state

(f, fH=1

this implies
la(f),a’(f)]=1 [a(f),a(f)]=la'(f),a’(f)]=0

which are just the canonical commutation relations for a harmonic oscillator. We can, in fact,
now perform a mode decomposition of the scalar field that is more general than the Fourier
decomposition for the flat spacetime case. What we need to do is find a set of positive norm
solutions P, that are orthogonal in the sense that

(f,e"y=0 Vf,ecP
and

(f.e)=0 VftecP

and that, together with their complex conjugates P*, span the entire space of classical scalar field
solutions. If we find such a set, then according to (61), each a(f) is an annihilation operator with
—a( f*) the corresponding creation operator. We may then proceed to define a Fock space in the
usual manner, with the vacuum |0) as the state that fulfills

a(f)|0)=0 vVfeP

and number operator

al(f)a(f) )

_a'(f)a
NI
for the mode f.

3.2.3 Flat space in modified Rindler coordinates

We now would like to carry out the canonical quantization procedure in an arbitrary spacetime
background. However, in order to see the kinds of effects that will be relevant, it is instructive
to start out with the case of flat spacetime as seen by a uniformly accelerating obrerver. Due to
a mathematical coincidence, our flat space methods are sufficient in this case for quantizing the
massless scalar theory. We will therefore be able to work out the physics without further compli-
cations in formalism. Furthermore, as we have seen in sect. 2.1.4, this corresponds approximately
to an observer hovering at a fixed distance above the horizon of a Schwarzschild black hole, so this
is already a physically relevant situation. Omitting the two irrelevant components, the Rindler
metric is given by

dr? = p?dy? — dp? = dt? — dz?
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with the explicit relation between the coordinates given by

t\ sinh
)P cosh v
In Rindler coordinates, the scalar field Lagrangian (47) becomes
L, 9.2 2 2,2
L=5(p*¢%y — ¢ —m°¢7)
The next step for canonical quantization in Minkovski coordinates was the decomposition into
Fourier modes in order to diagonalize the Hamiltonian. Because of the p? term multiplying the

d)?w, a simple Fourier transform will not achieve diagonalization here. We may however introduce
yet another set of new coordinates £ and 6 as

t et [ sinh o
< x >_7< cosh o > (63)

where ¢ is an arbitrary positive constant, the physical meaning of which will become clear later.
The relation to the original Rindler coordinates is given by

et 9 64
p_7 ’(ﬂ—O’ ( )
SO
dp=eotde = opde dp = dd

and thus the metric in the new coordinates reads

dr? = p?02(dh? — d€?) = €278 (dh? — d€?)

For constant &, the future directed eigentime is thus dr = e?%d#, so in Minkovski coordinates
« [ coshof cy X sinh o6
[T H— e~ 0§
Y ( sinh o6 > Y oe ( cosh o >

which implies that o is the acceleration of an observer at the reference trajectory & =0, which has
a constant spatial distance ! from the origin. The Lagrangian (47) is now

1
L= 56_205(45,29 — % — e2¢m?¢?)
If we go to the Massless case, we find
L 20 42 2
L=5e7(¢l — ¢7%)

which has the Minkovski form except for the £-dependent prefactor. If we are looking at the
action, however, the Lagrangian density still needs to be multiplied with Jacobian, which in our
new coordinates is given by \/—g = e2°¢. The action therefore reads

Su = [ =g L = [ agao (65— %)
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and thus has the same form as in standard Minkovski coordinates. This formal coincidence allows
us to carry out the mode decomposition in modified Rindler coordinates in exactly the same way
as we did for Minkovski. Without further ado, we may thus write the mode decomposition of the
massless real scalar quantum field as

o

— dk iK€ z|m\9 T i|k|0
#0.9= [ SEens (el s e (65)

with annihilation operators a, that fulfill the commutation relations
[, )] =6(k — ) (66)

One might be tempted to think of this result as a trivial coordinate transformation, but it is not.

In order to see why this is not the case, let us remember which region of smacetime the coordinates

0 and £ really describe. For this purpose, it is convenient to introduce light cone coordinates
u=t—x v=t+x

From (63) we find that they are related to modified Rindler coordinates as

69 (o (E+6)

v
o o

In fact, we may introduce Rindler lightcone coordinates
u=0—-¢ v=0+¢

which are related to the standard light cone coordinates by

(67)

The Rindler light cone coordinates allow us to decompose the integral in (65) into parts with
positive and negative wave number respectively

0 oo
6(0,€) = / dwk emg<ei\ﬁ\9aim+e—i|n|9an)+/ dk einE(eilrlogt | milrlog, )
_002 |k 2¢/m|K|

dr —ikE( ik0 T —im@ u@{ uﬁ@ T —lm@
= (& (& (8% e e
/2 = ( wt ot w)

0 0

= /ﬂ(eiﬁﬂal+67iniain+einﬁaiﬁ+67imﬂaﬁ)

I
<
+
4
he

where we have defined

oo

¢+:/ drk (eimﬂal_*_efinﬂaﬁ)

zkaf) f —iKT,
N al +e "Pa_y) (68)

¢ /Nﬁ
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From (67) it is now clear, that a real @ covers the range u <0 while a real ¥ corresponds to v > 0.
Correspondingly, both ¢ and ¢_, as we have defined them, only cover half of the full Minkovski
spacetime each.

In physical terms, the x >0 modes in ¢ represent left movers, while the x <0 modes in ¢_
represent right movers. They do stay conveniently separated, because our scalar field is massless.
Furthermore, as the left movers propagate towards infinite Rindler time 6 — oo, relation (67) tells
us that they are approaching the future horizon at w=0. Conversely, the right moving modes that
come from the infinite past § — —oo as seen by an accelerating observer, really do come from the
past horizon at v=0. In other words, each set of modes, left movers and right movers, only have
access to information on half of the Minkovsi spacetime. With this restrictions in mind, we may
now ask what the nature of the annihilation operators o, acompanying those modes really is. The
only thing that we can really state at this pont is that, according to the commutation relations
(66), they do define a vacuum state |Q) so that

a|)=0

which allows the construction of a Fock space. Note in particular, that we are not identifying the
Rindler vacuum |Q) with the Minkovski vacuum |0). Although it might seem strange initially,
remember that the Fourier modes acompanying the Minkovski annihilation operators aj, range over
all of spacetime, while we have just established, that the modes acompanying the Rindler space o,
do not. This is a crucial difference - the modes pertaining to the e, are missing the information
of half of spacetime - and our goal now is to see what consequence this loss of informaion entails.
For this purpose, we now want to extend the Rindler modes to cover the entire spacetime. We may

introduce coordinates ¥ and p as
< t )_—ﬁ sinh(—1))
x cosh (—))

covering the left Rindler wedge instead of the right one, where the negative sign in the argument
of the hyperbolic functions is dictated by the flow of time being forward directed in 1. The metric
is easily found to be

dr? = p2dy? — dp?

and we may, in complete analogy to the procedure in the right Rindler wedge, define new coordi-
nates ¢ and 6 via

efo'é ~

p=—
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so that & increases with increasing « and
dp=—eo¢dé dyp = odf
The metric in the new coordinates is thus
dr?=e"278(dh? — d€?)

and we may define corresponding light cone coordinates

a=0-¢ 6=0+¢
which are related to the Minkovski light cone coordinates as

u =t—uw
= p(sinh ) + cosh )

and

v = t+uw
= —p(—sinh ¢ + cosh ¢))
— —pe?
) (70)
o
e—a'ﬁ
o

These identities, toghether with (67), also allow us to relate the left and right wedge lightcone
coordinates as

T=—a+il T=—0+it (71)
(o (o

We thus have an analytic extension of the u <0 and v >0 mode functions into the regions v >0
and v < 0. In fact, we have two such extensions, depending on where we set the branch cut. For
the u-modes (k> 0), we have

e inT u<0
f”izcﬁi kT (72)

erieT o 4y>0

while for the v-modes (k <0), we have

einv v>0
fﬁi:cmi kT (73)
e Mle o v<0

Let us compute the Klein-Gordon product between those modes, where for simplicity we cose
0 =60=t=0 as our time slice. In the right wedge, 6 is future directed, so we need to compute

(e—inﬂ>|9:0 — ein{ (e—ii{ﬂ)79|920 — _iﬁe—inﬁ‘ezo =3 ‘K|eira§
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as well as

(eini”ezo — einﬁ (eini)ﬁ'ezo :Z'K/eiﬁi 9—0= _Z'|H|eif$§

In the left wedge, 0 is future directed, so

G =1re" o= i|/~@|e_mé

(ei"“l)\é Oze—mé (ei’“l),é
as well as
(efim?”é O:efmé (efmﬁ)’éb:():fiﬂe*i“ﬁ é:O:i|l$|e*m§A

Furthermore, the Jacobian in the right and left Rindler wedges is

e 29¢  4<0 v>0
m{

62"é u>0 v<0

so that for the future directed, timelike component of the Klein-Gordon current we find

j@(f”i,fn/i”ezo — je20¢ (_e—ingi |li’|em/§—i |H\6_m£€m/€)c,§ic,§/i u<0

(=]+s"Dm
]é(fnia Jmliﬂé:o

€278 (e 8|k |e T E ik le e T e T o cupcps u>0
which simplifies to

Jo( ™%, f" om0 = e 2 (|r'| + [k ])e’ " cpnenrs u<0
’ g . ng pUsltls’Dr
jé(fﬂiaju€ i)|é):0 = _€2<T£(‘lil|—’—|li|)el("€_n)§€$ 7 Cr+Cr'+ u>0

Similarly, for the cross currents we find

Url=Ir"Dm

Go(f"E Py = eS|+ ) T e u>0
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on the left wedge, while on the right wedge they obviously do not depend on the analytic contin-
uation. These expressions allow us to compute the Klein-Gordon inner products

<fni’fn'i> _ /dé-gQGje(fnivfn’i)_;'_ /dggé@]é(fni’fm’j:)

Url+Is"Dm

= ausows| [ AECR RN I g (w4 reits

2|k |

c,%iélﬂn\(l —et e )5(/{ — k)

which reveal an orthogonality between the modes with the f** having positive Klein-Gordon norm,
while the f*~ have a negative one. Choosing a proper normalization factor

e = L (74)
2, /7T|/i|‘1 —ete
we find the simple relations
(fr, frE) =£d(k — )
Furthermore, the Klein-Gordon product of f** with f*~ modes vanishes, as
o0 oo
(et gy = [aein e R+ [ a1

= coseurz| [ QTR [ (n)p et g

= c,gic,g;élﬂif:c\)(l —1)d(k —K') -

=0

According to the discussion in sect. 3.2.2, these results imply that the modes f*+ P are in the set
of positive norm solutions over all of Minkovski spacetime, and thus the corresponding annihilation
operators a( f*T) annihilate the Minkovski vacuum

a(fr)[0)=0

although they are not the Fourier modes. Similarly, the modes f*~ belong to the set of negative
norm solutions f*~ € P*, so the a(f"~) are creation operators

(Ola(f~7)=0
with the corresponding annihilation operators
al(f")=—a((f"7)")
S0

a((f*7)1)|0)=0
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3.2.4 The relation between Rindler and Minkovski modes

As we have seen, the f** provide us with an alternative mode decomposition of Minkovski space-
time to that of the Fourier modes. But since both sets of modes can serve as a basis for constructing
a Fock space, this difference just ammounts to a different choice of basis. We can expose this
difference more clearly by inverting relations (67) and (69,70) between Rindler and Minkovski
lightcone coordinates

— In(—ou) 5o In(ov) i In(ou) G In(—ov)
o o o o
to rewrite the modes (72) and (73) in Minkovski lightcone coordinates as
iZIn(—ou)
o 0
fni — 1 € s k>0

/ 2nm ign(ou) F°
2 7T|I{|’1—6$ E e e u>0

iZIn(owv)
e v>0
fni — 1 Kk <0

2|r|m iZIn(—ov) ZF‘N‘7r
2 /ﬂ/ﬂ‘l—e:F e e e’ - v <0

These modes are very much compressed towards the horizon, as the following comparison (for
o=k =1) of the real part to the real part of a Fourier mode with k=1 demonstrates:

and

At this point, one might wonder why we went to all this trouble just to express the Fock space
for scalar fields in Minkovski spacetime in a new basis. The answer to this is that the new basis,
truncated to the right Rindler wedge, is a Fourier basis there. We have already established in (68),
that the modes

1 —IKT
2\/ﬁe k>0

er v k<0

2\/m|k|
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correspond to annihilation operators a,, = a(fx) of the Rindler vacuum |©2). With the help of
(72), (73) and (74), we may now express these truncated modes in terms of the full, analytically
continued Minkovski space modes as

wt LT k- _lslx
f f

e o R e o
R o
frc = = —rw
2\/m|K| er —e o
" 2(rix| Islm 2nlx| _Islw
et ‘1—6 s |lee — frT ‘1—6 7 le e
= KT KT
o e o

= 2|k | _ Ikl (75)
(e ° — 1)6 o
Ix|m
— (fHJr_ f”*e 7) Zﬁ‘ﬂ
e - —1
|~ |7
B ff-c+_ frc—e o
- ~3lnln
l—-e -
Correspondingly, we may express the Rindler annihilation operators
o, = a(fs)
= <fl€7¢>
_lxln
— 1<fn+7¢>76 0<fl€77¢>
2 = (76)
by e
_ la(fr)—e a(f"7)
2 _2lslw
l—e -

3.2.5 Unruh radiation

Equation (76) is a rather remarkable relation, which we will study in some detail now. On the
surface, it looks like a straightforward relation between annihilation operators in Rindler and
Minkovski space. However, this is not the case, since we have already established, that a(f*7) is
in fact a creation operator. To see what this entails, let us ask the question, how an accelerated
observer sees the Minkovski vacuum. In particular, let us fucus on the particle content. The number
of particles in the Fourier-Rindler mode f, is given by (62)

(O[N,J0) = mwmma(mw

¢ Olal (el 0

(frb = frme” T ot e

L )
<fﬁ+’\f‘n+> + 52@“”_7 fr=)
AR Ay
1— 6_2$ <fn—7 fﬂ_>
1

-2
—e

2[r |

e o —1
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In both the numerator and the denominaror a Dirac ¢ apears, which originates from the normaliza-
tion condition, and in both cases it can be regularized by either constructing proper wave packets
or by regularizing the theory in some way. Here we just assumed that these formal steps can be
carried out sucessfully and we arrive at the final result

1
2[r |

e o —1

(0| N,c|0) = (77)

So, the Rindler observer actually percieves the Minkovski vacuum as containing particles - the
Unruh radiation. In fact, since in modified Rindler coordinates w=|x| is the temporal frequency of
the Fourier modes, i.e. the energy, the particle number actually follows a Bose-Einstein distribution
with the Unruh temperature
o
Ty=— 78

VT or (78)
Remembering that o can be interpreted as the acceleration of the reference observer that is at a
constant distance o ~! from the horizon at the origin, (78) establishes a relation between acceler-
ation of a reference system and the temperature of the vacuum.

3.2.6 Hawking radiation

The physical principles underlying Hawking radiation of a black hole are exactly those that also
cause Unruh radiation of an accelerated observer. However, in contradistinction to the Unruh case,
the more complicated Schwarzschild geometry does not allow for an exact analytical treatment
anymore. We will therefore first give an approximate solution, which is based on the near horizon
coordinates, that we introduced in sect. 2.1.4. We have already noted there, that near horizon
coordionates are in fact Rindler coordinates. Crucially, the accelerated observer in near horizon
coordinates corresponds to an observer that is static in Schwarzschild coordinates. Comparing (22)
to (64) we note, that the ¢ coordinate of the Schwarzschild metric can be expressed as

t=2r,o0

in terms of the Rindler coordinate #. Correspondingly, the temporal component of the positive
and negative frequency eigenmodes may be written as

1

e:Fi\n\G:eZFi\k\t k=
2rso

R

We may then repeat the entire calculation for the Unruh radiation, with the final result (77)
expressed as

1
(0| Nx|0) = Ak ]
in the near horizon approximation. Let us first ignore that we have been working in an approxi-
mation and focus on the physical meaning of this result. As for the Unruh case, we see, that the
vacuum |0) contains excitations of the scalar quantum field, i.e. particles. The vacuum |0), also
known as the Hartle-Hawking vacuum, is the full vacuum of the theory, which is defined over the
entire space, including the regions inside the horizon. This is in contrast to the Boulware vacuum,
which corresponds to the |2) vacuum in the Rindler case and is defined only outside the Horizon.
Per construction, the Boulware vacuum does not contain any particles. Asymptotically far away
from the black hole, ¢ goes over into the coordinate time of Minkovski space. Consequently, |k|=F
is the energy of a field quantum, i.e. of a particle that has the usual time dependence of a massless
free wave

O(e$z'|k|t

So, in our approximation, a stationary observer far away from the Schwarzschild black hole does
really observe thermal radiation emanating from it, with the Hawking temperature

1

drgm

Ty

(79)
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Let us now see, where the near horizon approximation goes wrong and what we may do about
that. Obviously, the full positive and negative frequency eigenmodes will not be Fourier modes.
Consequently, the decomposition (75) of a mode f, with support outside the horizon into positive
and negative frequency modes f** that have support inside and outside the horizon will be altered.
However, we will nonetheless have outside positive frequency modes fj that annihilate the Boulware
vacuum

a(fx)|2) =0

and positive and negative frequency modes f** from analytic continuation, which satisfy

a(f*1)[0) =a((f*7)*)0)=0

with respect to the Hartle-Hawking vacuum |0). Furthermore, since the near horizon approximation
becomes exact near the horizon, the analytic continuation across the horizon involves the same
variable substitution (71) into the same Fourier factors (72) and (73), so that we may write

PR s ]ik U<0or V>0
freF2remlFl U >00rV <0

where U and V are Kruskal light cone coordinates and fk is the properly normalized

(frs frry == frs fir)

negative frequency mode on the left, i.e. inside the horizon. Let us now chose the normalization
factors cx+ in such a way that

k+ k— _ fk U<0or V>0
s {o U>0orV <0 (80)

which implies the conditions

Chttcp—=1 6_2“”|k|ck++62’”5”‘k‘ck_:0

SO
C = 1 C = 1
Mt oAk k== Akl

From (80) we then have
a(fr) =a(f*) +a(f*")

And, according to (62), we find the number of particles in an asymptotic state of energy E = |k|
to be

_ (0la'(fr)a(fx)]0)
(Ola®(f*)a(f*7)|0)
(fr, fr)

la®(f*7), a(f*7)]

(fr, fr)
(f*=, %)

(fr, fr) o

o (s fu) + TR F fi)

- 1 <fk7fk>
- _W(l — gdremlkl)
1

e4rs7r|k:| 1
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So it seems that we ontain exactly the same result as in the case of Unruh radiation. This result
does, however, disregard the dynamics of wave packets.

3.2.7 Greybody factors

The result for the Hawking radiation, which we derived in the last section, crucially does not take
into account the actual propagation of wave packets. We have assumed that when we combine a
set of positive frequency mode functions { f**} in such a way that they form an outgoing wave
packet close to the horizon, the entire wave packet will actually reach spatial infinity at asymptotic
times. This is not the case. In reality, a fraction of the wave packet will be reflected back towards
the horizon and will pile up there (since, due to the gravitational time delay an outside observer
will never see it crossing over the horizon). Similarly, if we follow an asymptotically outgoing wave
packet at asymptotically late times W}, back in time, only part of it, wich we call the transmitted
wave packet Tj, will have originated from close to the horizon at asymptotically early times, while
another part, which we call the reflected wave packet Ry, will have originated from asymptotically
far away at asymptotically early times. Let us construct such an asymptoticall outgoing wave
packet, which is localized, sharply peaked around a frequency k£ and normalized. Since the Klein-
Gordon product is time translation invariant, we find that we can decompose the annihilation
operator corresponding to this late time outgoing mode as

a(M) = a(Tk) + a(Rk)

into annihilation operators of its early time components. Furthermore, as the wave packets are
clearly separated at asymptotically early times,

(T, Ri) =0

What interests us now is the number of particles that the vacuum contains corresponding to the
asymptotic wave packet Wy, i.e.

(OIN(W)[0) = (0|a®(Wi)a(W4)|0)
= (0la¥(Tx)a(Ty)[0) + (0la’(Tk)a(R%)|0) + (0lat(Rk)a(T})|0) + (0la’(Rk)a(Ry)|0)

The last three terms all vanish, because Ry is a positive frequency wave packet at asymptotic
distance that does not have any support close to the Horizon. It thus effectively is a positive
frequency wave packet in Minkovski space, which corresponds to an annihilation operator, so

a(Ry)|0) = (0laf(Rr) =0

The vace packet T}, on the other hand is localized asymptotically close to the horizon and sharply
peaked in frequency around k. Therefore, we may effectively treat it like a differently normalized
version of the fi in the previous section, i.e. we may decompose it as

T =Tkt 4Tk~
into positive and negative frequency modes

1

TkE =
1 7621:4T57r|k|

(T + TreF2rsm Ikl (81)

that result from analytic continuation across the horizon where T}, is the negative frequency wave
packet

(T}, Tty = —(Thr, Tr)
with support only at the other side of the horizon. We may thus further decompose

a(T) = a(T*) +a(TF")
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with
a(TH4)[0) = (0la(T+~) =0

SO

(OIN(Wi)[0) = (0la’(Tr)a(T)[0)

= EOIGT(T’“‘)G(T’“‘)@

HTh), a(Th )
(kT

Finally, according to (81), we can express the norm of the negative frequency wave packet as

(TF=,Tk™)

—1 T 7 A
(1 _ e4r37r|k\)2(<Tk’Tk> + 64 ) ‘k‘<TkaTk>)

_ (T, Tk)
1_e4r¢,7r|k:|

so ultimately the number of asymptotically outgoing particles in the vacuum is

(Tx, Tk.)
k]
e —1

(0[N (W3)|0) =

where the Hawing temperature Ty is given by (79). The quantity Ty = (Ty, Tk) in the numerator
is known as the greybody facor. In the ideal case, when Iy, =1, all of the outgoing wave packet
actually originated from close to the horizon and the radiation is in fact that of a thermal black
body. Generically, I} gives the fraction of the wave packet, which did originate from close to the
horizon. Since we have time reversal invariance, we may also interpret I} as the fraction of an
incoming wave packet to reach the region close to the horizon as opposed to being scattered back
out to infinity again. Since we are in a quantum theory, the fraction of the wave packet is in fact a
probability. So ultimately T} is the probability that either a particle corresponding to an outgoing
wave packet Wy originated from the black hole, or a particle corresponding to the ingoing wave
packet W}, is absorbed by the black hole. Thus if we put the Schwarzschild black hole into an
environment that constitutes a thermal bath with the Hawing temperature Ty, at least the purely
radial modes that we have looked at until now will be in thermal equilibrium.

3.3 The spherically symmetric case

Our treatment of the Hawking effect has until now relied on locally flat approximations. This
has restricted us to looking at purely radial modes of a massless field. In fact, these restrictions
are not necessary. For a spherically symmetric system, a decomposition into angular momentum
eigenmodes offers a nice path towards effective dimensional reduction of the full, four dimensional
system.

3.3.1 Dimensional reduction

We start from the action of a real, scalar field coupled to gravity, which we have found in sect. 3.1.3
S= [d%e v=g( =R+ ("6 ., — M?6?)
167 2 Y

Assuming a spherically symmetric metric, which we parameterise as

a?(t,r) 0 0 0
* 0 —a%(t,r) 0 0
it 0 0 =2 0 (82)
0 0 0 —r2sin%)
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SO
V—g = aar?sinf
we can write the scalar field action as
1
S = 3 [ @ (V=590 0, — e

— %/d‘*xaarz sin@(a*%?t — a*2¢>’2,« —r ?9 +sin*29¢,2¢) —m2¢?)

_ 1 42-(22_22_ 22)

= 2/d x 7 sinf a¢’t a¢’r aams¢

—%/d‘lxaa(sin@#@ +sin10¢%)

/ a:—/ dt/ dr/d@ d<p
The the scalar field action thus nicely decomposes into a radial part

/ dt/ drr ( /dQ¢2 ——/dQ¢2 —aaMQ/dQ¢2>

and an angular part, which we rewrite as

00 0 T 2m
Sy = —l/ dt/ dr/ dH/ dpaa (sinf¢?% + sin~10¢2,)

= / dt/ d?“/ dé d<paa¢((sm9¢ 0),0+sin"10¢ , )

27
= ——/ dt/ dr/ dﬁ/ dypaasinfd@L? ¢
2) o Jo 0 0
= —%/ dt/ draa/dQ¢L2 )
—o00 0

2= ——L 9,sin00, —
sinf

where

where

1

n20 83’

is the squared angular momentum operator, which has the complex spherical harmonics

Em(ev 90) =
as eigenfunctions with eigenvalues

L?Yim(0, ) =11 +1) Yim(9, ¢)

Since we are working with real scalar fields, we define real spherical harmonics

(Vi — (=1)™Yi—m)) m>0

Yim= Yio m=0
1 m

-5l —m)+ (1)) m <0
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The real spherical harmonics obey the orthogonality relations

[ A9 (0. 0)Y0000. ) = G S S Vil i8¢ == b — 50— )

sm@
1=0 m=—1
so we may use them to decompose the angular part of the scalar field as
00 l
(b(t 7’,9,(,0 Z Z ¢lmt ’I" lm( SO)
=0 m=-1
Thus
Jaaorzo - /dQZ S bl Y brnin
=0 m——l I'=0 m'=-1
oo
= > U+ Z $lom
=0 m=—I
as well as
[aas - Z S ot
=0 m=-1
and
0o l
/d9¢2_z T (o’ JELE S ST
=0 m=—1 =0 m=-1

so that the total scalar field action may be written as

QZ Z/ df/ d?‘?"( ¢lm)t——(¢lm) a(M2+l(lr+21)>¢?m) (83)

=0 m=-1

We have thus reduced our four dimensional problem to an infinite number of two dimensional
problems in the coordinates r and ¢, each one corresponding to a certain spherical harmonic mode

¢l’m<t7 ’I“).

3.3.2 The Schwarzschild case

Let us introduce a new radial coordinate r*, such that the a/a prefactor in the kinetic term of
(83) vanishes, i.e.

Ly =dr
e
This choice implies

(d)lm),r = %(¢lm),T* = %(¢lm)ﬂ“*

so that

= 3 [ Tar ) (o o D))

=0 m=—1

Let us furthermore rescale the field



so that

« af l-—- 1 - 1- o -
d),r* = _d),r = E(?(b,r - _¢> = _(b,r* - _(b

a 72 r ar?

The radial derivative term in the action now becomes

2 2 (2 N2 2% (& y o o
r (¢lm),r* - (¢lm),r* - E(d)lm),r*(mm +W¢lm

In this new fields, the scalar field action thus reads
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If we disregard the term L,, the scalar field action would thus reduce to a sum over effective two
dimensional, flat actions, one for each angular momentum mode. With this in mind, let us now
turn to the special case of the Schwarzschild metric. There,
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so r* is in fact the tortoise coordinate that we have introduced in sect. 2.1.5. Crucially, this implies
that as we approach the horizon, the £;,, vanish for all angular momentum modes [ and m and for
all masses M. This makes intuitive sense: Close to the horizon the mass becomes irrelevant, since all
test particles will approach the speed of light, and angular momentum might be viewed as a radially
dependent mass term. Therefore, we see that the approximation we have made in the previous
section when deriving Hawking radiation, namely that close to the horizon we may treat the modes
as effectively two dimensional, massless and radially outgoing, is justified, even for a massive
field and even for the higher angular momentum modes. The other interesting limit is that of the
asymptotic observer r — co. In that limit, only the mass term in £;,, survives, so in total we have
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In the vicinity of the horizon, we thus effectively have a two dimensional, flat geometry with light
cone coordinates U and V' given by (24). Note, that the relation between the light cone coordinates
U and u in the Schwarzschild case mirrors the relation (67) between the light cone coordinates v and
u in the Rindler case, except for a trivial rescaling factor 1/0. The same holds true for the v-type
coordinates. Thus, again, we are led to the conclusion that close to the horizon, the Schwarzschild
metric has in fact a two dimensional Rindler geometry with the reference acceleration o =1/ (2rs).
In contrast to our derivation in sects. 3.2.6-3.2.7 however, this statement now holds true for an
arbitrary angular momentum mode of a massive theory. We may thus extend our treatment of wave
packets from 3.2.7 to the massive theory and arbitrary angular momenta. Due to (84) we know,
that propagating any localized, asymptotically outgoing wave packet back in time, the transmitted
component will be effectively massless close to the horizon and can be treated as we did in 3.2.7.
The only real difference will be the dispersion relation in the asymptotic (effectively Minkovski)
regime, where the frequency, i.e. the energy, now follows the usual massive relation



We may construct a well localized, asymptotically outgoing wave packet Wz with an asymptotic
momentum peaked sharpely around k and decompose it into angular momentum components.
Each of these components has a time dependence with the same angular frequency w, so that the
construction of the reflected and transmitted parts and the analytic continuation proceeds exactly
as discussed in sect. 3.2.7, with the only difference that the angular frequency is now w instead of
|k|. Finally, the total transmitted part of the wave packet can be reassembled from the angular
momentum components, so finally one obtains the number density of particles in the vacuum as
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Thus, the Schwarzschild black hole as a whole, and not just its restriction to radially outgoing wave
packets, is in thermal equlilibrium with an environment at temperature Ty.
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