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Part 1

Black Holes






Those notes are meant to accompany my lectures at the CIMPA-UNESCO-
MOROCCO School “Riemannian Geometry, pseudo-Riemannian Geometry and
Mathematical Physics”, May 19-30, 2008, Faculty of Science and Techniques,
Marrakech, Morocco. These are not lecture notes, as I will only lecture on a
very small part of the material covered here: I am planning a detailed intro-
duction to the Schwarzschild metric, followed by a concise overview of the Kerr
and of the Emparan-Reall ones. I plan to finish with an outline of the proof
of uniqueness of static black holes. I hope that the notes will be useful to the
participants in further studies of the subject.

I will not lecture on the material contained in the appendix at all; it is
hoped that the participants of the school will already be familiar with a sub-
stantial part of the material presented there and so this is included here for
self-study before the lectures for those who are not, but also to fix conventions
and notations.

The readers of those notes are invited to inform me of any misprints and/or
mistakes, please send an email to chrusciel@maths.ox.ac.uk






Chapter 1

Fundamentals

Black holes belong to the most fascinating objects predicted by Einstein’s theory
of gravitation. Although they have been studied for years,! they still attract
tremendous attention in the physics and astrophysics literature. It turns out
that several field theories are known to possess solutions which exhibit black
hole properties:

e The “standard” gravitational ones which, according to our current pos-
tulates, are black holes for all classical fields.

e The “dumb holes”, which are the sonic counterparts of black holes, first
discussed by Unruh [72].

e The “optical” ones — the black-hole counterparts arising in the theory of
moving dielectric media, or in non-linear electrodynamics [37,55].

e The “numerical black holes” — objects constructed by numerical general
relativists.

(An even longer list of models and submodels can be found in [1].) In this
work we shall discuss various aspects of the above. The reader is referred to
[3,17,25,28,61, 73] and references therein for a review of quantum aspects of
black holes. We start with a short review of the observational status of black
holes in astrophysics.

1.1 Black holes as astrophysical objects

When a star runs out of nuclear fuel, it must find ways to fight gravity. Current
physics predicts that dead stars with masses up to the Chandrasekhar limit,
M = 1.4Mg,, become white dwarfs, where electron degeneracy supplies the
necessary pressure. Above the Chandrasekhar limit, and up to a second mass
limit, MNSmax ~ 2 — 3Mg, dead stars are expected to become neutron stars,
where neutron degeneracy pressure holds them up. If a dead star has a mass

'The reader is referred to the introduction to [9] for an excellent concise review of the
history of the concept of a black hole, and to [8,27] for more detailed ones.
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M > MNS,max, there is no known force that can hold the star up. What we
have then is a black hole.

While there is growing evidence that black holes do indeed exist in astro-
physical objects, and that alternative explanations for the observations dis-
cussed below seem less convincing, it should be borne in mind that no undis-
puted evidence of occurrence of black holes has been presented so far. The
flagship black hole candidate used to be Cygnus X-1, known and studied for
years (cf., e.g., [9]), and it still remains a strong one. Table 1.1? lists a series
of further strong black hole candidates in X-ray binary systems; M. is mass of
the compact object and M, is that of its optical companion; some other candi-
dates, as well as references, can be found in [45, 53]; a very readable overview of
the observations can be found in [50]. The binaries have been divided into two
families: the High Mass X-ray Binaries (HMXB), where the companion star is
of (relatively) high mass, and the Low Mass X-ray Binaries (LMXB), where the
companion is typically below a solar mass. The LMXB'’s include the ”X-ray
transients”, so-called because of flaring-up behaviour. This particularity allows
to make detailed studies of their optical properties during the quiescent periods,
which would be impossible during the periods of intense X-ray activity. The
stellar systems listed have X-ray spectra which are neither periodic (that would
correspond to a rotating neutron star), nor recurrent (which is interpreted as
thermonuclear explosions on a neutron star’s hard surface). The final selection
criterion is that of the mass M, exceeding the Chandrasekhar limit Mo ~ 3
solar masses My.> According to the authors of [9], the strongest black hole can-
didate in 1999 was V404 Cygni, which belongs to the LMXB class. Table 1.1
should be put into perspective by realizing that, by some estimates [39], a typ-
ical galaxy — such as ours — should harbour 107 — 10® stellar black mass holes.
We note an interesting proposal, put forward in [10], to carry out observations
by gravitational microlensing of some 20 000 stellar mass black holes that are
predicted [47] to cluster within 0.7 pc of Sgr A* (the centre of our galaxy).

>The recent review [53] lists thirteen black hole candidates.
3See [45] for a discussion and references concerning the value of Mc.
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Table 1.1: Stellar mass black hole candidates (from [39])

Type Binary system M./Ms  M,/Mg

HMXB: Cygnus X-1 11-21 2442
LMC X-3 5.6 -7.8 20
LMC X-1 >4 4-8

LMXB: V 404 Cyg 10-15 ~ 0.6
A 0620-00 5-17 0.2-0.7
GS 1124-68 (Nova Musc) 4.2-6.5  0.5-0.8
GS 2000+25 (Nova Vul 88) 6-14 ~ 0.7
GRO J 1655-40 45-65 =~ 1.2
H 1705-25 (Nova Oph 77)  5-9 ~ 0.4

J 04224+32 6-14 ~ 0.3 -0.6
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Table 1.2: Twenty-nine supermassive black hole candidates (from [32, 46])

dynamics of host galaxy M}y /Mg  host galaxy My, /M

water maser discs: NGC 4258 4 x 107

gas discs: IC 1459 2x 108 M 87 3 x 107
NGC 2787 4x 10" NGC 3245 2x 108
NGC 4261 5x10® NGC 4374 4 x 108
NGC 5128 2x 108 NGC 6251 6 x 108
NGC 7052 3 x 10%

stars: NGC 821  4x107 NGC 1023 4 x 107
NGC 2778 1x 10" NGC 3115 1 x 10°
NGC 3377 1x10® NGC3379 1x108
NGC 3384 1x107 NGC 3608 1x 108
NGC 4291 2x10® NGC 4342 3 x 108
NGC 4473 1 x10® NGC 4486B 5 x 108
NGC 4564 6 x 107 NGC 4649 2 x 10°
NGC 4697 2x 108 NGC 4742 1 x 107
NGC 5845 3 x10® NGC 7457 4 x 106
Milky Way 2.5 x 106
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It is now widely accepted that quasars and active galactic nuclei are powered
by accretion onto massive black holes [41,76]. Further, over the last few years
there has been increasing evidence that massive dark objects may reside at the
centres of most, if not all, galaxies [40,64]. In several cases the best explanation
for the nature of those objects is that they are “heavyweight” black holes, with
masses ranging from 10° to 10'0 solar masses. Table 1.24 lists some supermassive
black hole candidates; some other candidates, as well as precise references,
can be found in [32,45,46,63]. The main criterion for finding candidates for
such black holes is the presence of a large mass within a small region; this is
determined by maser line spectroscopy, gas spectroscopy, or by measuring the
motion of stars orbiting around the galactic nucleus. The reader is referred
to [49] for a discussion of the maser emission lines and their analysis for the
supermassive black hole candidate NGC 4258. An example of measurements via
gas spectrography is given by the analysis of the Hubble Space Telescope (HST)

Spectrum of Gas Disk in Active Galaxy M87

Approaching

Receding

Hubble Space Telescope « Faint Object Spectrograph

Figure 1.1: Hubble Space Telescope observations of spectra of gas in the vicinity
of the nucleus of the radio galaxy M 87, NASA and H. Ford (STScI/JHU) [67].

observations of the radio galaxy M 87 [71] (compare [41]): A spectral analysis
shows the presence of a disk-like structure of ionized gas in the innermost few arc
seconds in the vicinity of the nucleus of M 87. The velocity of the gas measured
by spectroscopy (cf. Fig. 1.1) at a distance from the nucleus of the order of
6 x 10'7 m, shows that the gas recedes from us on one side, and approaches us
on the other, with a velocity difference of about 920 km s~ . This leads to a

“The table lists those galaxies which are listed both in [46] and [32]; we note that some
candidates from earlier lists [63] do not occur any more in [32, 46]. Nineteen of the observations
listed have been published in 2000 or 2001.



10 CHAPTER 1. FUNDAMENTALS

mass of the central object of ~ 3 x 10? Mg, and no form of matter can occupy
such a small region except for a black hole. Figure 1.2 shows another image,
reconstructed out of HST observations, of a recent candidate for a supermassive
black hole — the (active) galactic nucleus of NGC 4438 [30].

Active Galaxy NGC 4438
Hubble Space Telescope « WFPC2

NASA and J. Kenney (Yale University) - STScl-PRC00-21

Figure 1.2: Hubble Space Telescope observations [30] of the nucleus of the
galaxy NGC 4438, from the STScl Public Archive [67].
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To close the discussion of Table 1.2, we note that the determination of mass
of the galactic nuclei via direct measurements of star motions has been made
possible by the unprecedentedly high angular resolution and sensitivity of the
HST, see also Figure 1.3.
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Figure 1.3: The orbits of stars within the central 1.0 x 1.0 arcseconds of our
Galaxy. In the background, the central portion of a diffraction-limited image
taken in 2006 is displayed. While every star in this image has been seen to move
over the past 12 years, estimates of orbital parameters are only possible for the
seven stars that have had significant curvature detected. The annual average
positions for these seven stars are plotted as colored dots, which have increasing
color saturation with time. Also plotted are the best fitting simultaneous orbital
solutions. These orbits provide the best evidence yet for a supermassive black
hole, which has a mass of 3.7 million times the mass of the Sun. The image
was created by Andrea Ghez and her research team at UCLA, from data sets
obtained with the W. M. Keck Telescopes, and is available at http://www.
astro.ucla.edu/~ghezgroup/gc/pictures/.

There seems to be consensus [32,46,64] that the two most convincing su-
permassive black hole candidates are the galactic nuclei of NGC 4258 and of
our own Milky Way.

There have been suggestions for existence for an intermediate-mass black
hole orbiting three light-years from Sagittarius A*. This black hole of 1,300 solar
masses is within a cluster of seven stars, possibly the remnant of a massive star
cluster that has been stripped down by the Galactic Centre [42].

A compilation of a list of black hole candidates, some very tentative, can be
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found at http://www. johnstonsarchive.net/relativity/bhctable.html, see
also [77].

Let us close this section by pointing out the review paper [6] which discusses
both theoretical and experimental issues concerning primordial black holes.

1.2 The Schwarzschild solution and its extensions

Stationary solutions are of interest for a variety of reasons. As models for com-
pact objects at rest, or in steady rotation, they play a key role in astrophysics.
They are easier to study than non-stationary systems because stationary solu-
tions are governed by elliptic rather than hyperbolic equations. Further, like in
any field theory, one expects that large classes of dynamical solutions approach
a stationary state in the final stages of their evolution. Last but not least,
explicit stationary solutions are easier to come by than dynamical ones.

The simplest stationary solutions describing compact isolated objects are
the spherically symmetric ones. A theorem due to Birkhoff shows that in the
vacuum region any spherically symmetric metric, even without assuming sta-
tionarity, belongs to the family of Schwarzschild metrics, parameterized by a
mass parameter m:

g = —V2dt? + V2dr? + r2dQ? (1.2.1)
Vi=l1-2m teR, re(2m,00). (1.2.2)

T

Here d? denotes the metric of the standard 2-sphere,
dQ? = df* + sin® dy? .
Throughout this section we will assume
m >0,

because m < 0 leads to metrics which are “nakedly singular”, in the following
sense: for m < 0, on each space-like surface {t = const} the set {r = 0}
can be reached along curves of finite length. But we have (see, e.g., http:
//grtensor.phy.queensu.ca/NewDemo)
48m?
RapysROP° = =00 (1.2.3)

r

which shows that the geometry is singular there.

One of the first features one notices is that the metric (1.2.1) is singular as
r = 2m is approached. It turns out that this singularity is related to a poor
choice of coordinates (one talks about “a coordinate singularity”); the simplest
way to see it is to replace ¢t by a new coordinate v defined as

1
v=t+f(r), f = vz (1.2.4)
Now,
1 r r—2m+2m 2m
/: = = :1 1.2.r
f 1-22  r—2m r—2m +T—2m’ (1.2:5)
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leading to
v=t+r+2mln(r—2m).

This brings g to the form

2
g=—(1- —m)dv2 + 2dvdr + r?d9? (1.2.6)
r
We have det g = —rsin? 0, with all coefficients of g smooth, which shows that

g is a well defined Lorentzian metric on the set
veR, re(0,0). (1.2.7)

More precisely, (1.2.6)-(1.2.7) is an analytic extension of the original space-time
(1.2.1).

It is easily seen that the region {r < 2m} for the metric (1.2.6) is a black
hole region, in the sense that

observers, or signals, can enter this region, but can never leave it.  (1.2.8)

In order to see that, recall that observers in general relativity always move
on future directed timelike curves, that is, curves with timelike future directed
tangent vector. For signals the curves are causal future directed, these are
curves with timelike or null future directed tangent vector. Let, then, v(s) =
(v(s),7(s),0(s),¢(s)) be such a timelike curve, for the metric (1.2.6) the time-
likeness condition g(%,%) < 0 reads

9 .
(1- Tm) 92 + 207 + 12(62 + sin? 0p2) < 0 .

This implies
2
@(—(1—ﬁ)@+2f) <0.
r

It follows that © does not change sign on a timelike curve. The usual choice
of time orientation corresponds to © > 0 on future directed curves (compare
(1.2.4)), leading to

2
—1-yp 127 <0,
T

For r < 2m the first term is non-negative, which enforces < 0 on all future
directed timelike curves in that region. Thus, r is a strictly decreasing function
along such curves, which implies that future directed timelike curves can cross
the hypersurface {r = 2m} only if coming from the region {r > 2m}. This
motivates the name black hole event horizon for {r = 2m,v € R}. The same
conclusion applies for causal curves: it suffices to approximate a causal curve
by a sequence of timelike ones.

Note that we could have chosen a time orientation in which future directed
timelike curves satisfy v < 0. The resulting space-time is then called a white
hole space-time, with {r = 2m} being a white hole event horizon, which can
only be crossed by those future directed causal curves which originate in the
region {r < 2m}.
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From (1.2.6) one easily finds the inverse metric:

2
1= 202 +7720% + 2 sin 26002 . (1.2.9)
T

" 0,0, = 20,0, + (
In particular
0=yg""=g(Vv,Vv),

which implies that the integral curves of
Vv =0,

are null, affinely parameterised geodesics. This is at the origin of the coordinate
system (v,r, 0, ).
We also have
g(Vr,Vr)=¢"=1—- —, (1.2.10)

r

so that the the surface r = 2m is null. It is reached by all the radial null
geodesics v = const, § = const’, ¢ = const” in finite affine time.

An alternative justification of the property, that the horizon {r = 2m} cannot
be reached by future directed timelike curves starting in the region {r < 2m}, is
provided by (1.2.10), which shows that r is a time function in {r < 2m}.

1.2.1 The Kruskal-Szekeres extension

The transition from (1.2.1) to (1.2.6) is not the end of the story, as further
extensions are possible, which will be clear from the calculations that we will
do shortly. For the metric (1.2.1) a maximal analytic extension has been found
independently by Kruskal [33], Szekeres [69], and Fronsdal [20]; for some obscure
reason Fronsdal is almost never mentioned in this context. This extension is
visualised® in Figure 1.4. The region I there corresponds to the space-time
(1.2.1), while the extension just constructed corresponds to the regions I and
1I.

The general construction, for spherically symmetric metrics, proceeds as
follows: we introduce another coordinate u defined by changing a sign in (1.2.4)

u=t—f(r), f=-— (1.2.11)

leading to
u=t—r—2mln(r —2m) .

We could now replace (¢,r) by (u,r), obtaining an extension of the exterior
region [ of Figure 1.4 into the “white hole” region I'V. We leave that extension
as an exercise for the reader, and we pass to the complete extension, which
proceeds in two steps. First, we replace (¢,7) by (u,v). We note that

1 1
Vdu=Vdt— Vdr, Vdv:th—i-Vdr,

°T am grateful to J.-P. Nicolas for allowing me to use his electronic figures [54].
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Singularity (r = 0)
gularity (r = 0) T

r=2M

r = constant < 2M

KSngularity(r =0) r = constant < 2M

t = constant

Figure 1.4: The Kruskal-Szekeres extension of the Schwarzschild solution.

which gives
Vdt — %(du +dv) %dr _ %(dv ~ du) .
Inserting this into (1.2.1) brings g to the form
g = =Vt +V2dr® +r2d0?
= T( — (du + dv)? + (du — dv)Q) + 72d0?
= —Vidudv + r?dQ* . (1.2.12)

The metric so obtained is still degenerate at {V = 0}. The desingularisation is
now obtained by setting

= —exp(—cu), ©= exp(cw), (1.2.13)
with an appropriately chosen c: since
di = cexp(—cu)du, dv = cexp(cv)dv ,

we obtain

Vidudv = exp(—c(—u +v))da do

2
e
V2
= =2 exp(—2cf(r))dudov .

In the Schwarzschild case this reads

‘0/22 exp(2¢cf(r)) = % exp(—2¢(r + 2mIn(r — 2m)))
exp(—2cr)

= T(r —2m) exp(—4meln(r — 2m)) ,
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and with the choice
dmec =1

the term r — 2m cancels out, leading to a factor in front of dut do which has no
zeros for r # 0 near. Thus, the desired coordinate transformation is

@ = —exp(—cu) = —exp(4)Vr —2m (1.2.14)
b = exp(cv) = exp(5L)V/r —2m, (1.2.15)

with ¢ taking the form

g = —Vidudv+r?dQ?
16m? exp(—5--)

— . di do + r2dO? . (1.2.16)

Here r should be viewed as a function of & and ¢ defined implicitly by the
equation

—ub = exp(%)(r —2m) . (1.2.17)
=:G(r)
Indeed, we have
r ! r r
(exp(%)(r - Qm)) =50 exp(%) >0,

which shows that the function G defined at the right-hand-side of (1.2.17) is
a smooth strictly increasing function of r > 0. We have G(0) = —2m, and G
tends to infinity as r does, so G defines a bijection of (0,00) with (—2m, co).
The implicit function theorem guarantees smoothness of the inverse G~!, and
hence the existence of a smooth function r = G~ (—ad) solving (1.2.17) on the
set uv € (—o0,2m).

We have det g = —%rz sin? @, with all coefficients of g smooth, which
shows that (1.2.16) defines a smooth Lorentzian metric on the set

a, DER, r>0. (1.2.18)

This is the Kruszkal-Szekeres extension of the original space-time (1.2.1). Fig-
ure 1.4 gives a representation of the extended space-time in coordinates

X=(0-0)/2, T=@0+a))2.

Since (1.2.3) shows that the so-called Kretschmann scalar Rop,s R diverges
as r~% when r approaches zero, we conclude that the metric cannot be extended
across the set 7 = 0, at least in the class of C? metrics.

Let us discuss some features of Figure 1.4:

1. The singular set r = 0 corresponds to the spacelike hyperboloids

(X2 = T?)|,=¢ = —0i0|p=0 = 2m >0 .
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. More generally, the sets = const are hyperboloids X2 — T2 = const/,

which are timelike in the regions I and III (since X2 — T2 < 0 there),
and which are spacelike in the regions I and I'V.

. The vector field VT satisfies

1 1
g(VT,VT) = ¢*(dT,dT) = Zgﬁ(dfa + do, dii + dv) = 5gﬁ(da, dv) <0,

which shows that T is a time coordinate. Similarly X is a space-coordinate,
so that Figure 1.4 respects our implicit convention of representing time
along the vertical axis and space along the horizontal one.

. The map

(4, 0) — (=0, —0)
is clearly an isometry, so that the region I is isometric to region I11, and
region /1] is isometric to region I'V. In particular the extended manifold

has two asymptotically flat regions, the original region I, and region I11
which is an identical copy I.

. The hypersurface t = 0 from the region I corresponds to @« = —0 > 0,

equivalently it is the subset X > 0 of the hypersurface 7' = 0. This can be
smoothly continued to negative X, which corresponds to a second copy
of this hypersurface. The resulting geometry is often referred to as the
Einstein-Rosen bridge. It is instructive to do the continuation directly
using the Riemannian metric v induced by g on t = O:

dr?
7:1_27”1

r

+72dQ%, r>2m.

A convenient coordinate p is given by

p=V1r2—4m? = r=/p?>+4m?.

This brings « to the form

2
y = (1 + 7m)dp2 + (0 + 4m2)dQ? | (1.2.19)
V P+ 4m?
which can be smoothly continued from the original range p > 0 to p € R.

Equation (1.2.19) further exhibits explicitly asymptotic flatness of both
asymptotic regions p — oo and p — —oo. Indeed,

g ~ dp* + p*dQ>

to leading order, for large |p|, which is the flat metric in radial coordinates
with radius |p|.

. In the Kruskal-Szekeres coordinate system the Killing vector field K = 0,

takes the form

ol 00
K = at - Eaﬁ + 58{,

= —00 + 00, . (1.2.20)
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More precisely, the Killing vector field 0; defined on the original Schwarzschild
region extends to a Killing vector field X defined throughout the Kruskal-
Szekeres manifold by the right-hand-side of (1.2.20).

We note that K is tangent to the level sets of 4 or ¢ at 40 = 0, and
therefore is null there. Moreover, it vanishes at the sphere & = v = 0,
which is called the bifurcation surface of a bifurcate Killing horizon. The
justification of this last terminology should be clear from Figure 1.4. Quite
generally, a null hypersurface to which a Killing vector is tangent, and null
there, is called a Killing horizon. Therefore the union {G4v = 0} of the
black hole horizon {u = 0} and the white hole event horizon {0 = 0} can
be written as the union of four Killing horizons and of their bifurcation
surface.

The bifurcate horizon structure, as well as the formula (1.2.20), are rather
reminiscent of what happens when considering the Killing vector 0, +z0;
in Minkowski space-time; this is left as an exercice to the reader.

The Kruskal-Szekeres extension is inextendible, which can be proved as fol-
lows: first, (1.2.3) shows that the Kretschmann scalar RWWSRO‘M‘; diverges as
r approaches zero. This implies that no C? extension of the metric is possible
across the set {r = 0}. Next, an analysis of the geodesics of the Kruskal-
Szekeres metric shows that all (maximally extended) geodesics which do not
approach {r = 0} are complete. This implies inextendibility.

Nevertheless, it should be realised that the exterior Schwarzschild space-
time (1.2.1) admits an infinite number of non-isometric vacuum extensions,
even in the class of mazximal, analytic, simply connected ones: indeed, let S
be any two-dimensional closed submanifold entirely included in, say, the black-
hole region of the Kruskal-Szekeres manifold (., g), such that .Z \ S is not
simply connected. (An example is given by the sphere {&t = v = 0}.) Then, for
any such S the universal covering manifold (.#s, g) of (.# \ S, g|.4\s) has the
claimed properties.

It follows from what has been said that the Kruskal-Szekeres extension is
singled out by being maximal in the vacuum, analytic, simply connected class,
with all maximally extended geodesics «y either complete, or with the curvature
scalar Ram(gRo‘ﬁw diverging along + in finite affine time.

1.2.2 Other coordinate systems, higher dimensions

A convenient coordinate system for the Schwarzschild metric is given by the so-
called isotropic coordinates: introducing a new radial coordinate 7, implicitly
defined by the formula

m\ 2
— (1 7) , 1.2.21
r r( +2F ( )

with a little work one obtains

gn = (1 + %)4 (i(dﬁ'ﬁ) - (W)Qdﬂ , (1.2.22)
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where 2% are coordinates on R? with |z| = 7. Those coordinates show explicitly
that the space-part of the metric is conformally flat (as follows from spherical
symmetry).

The Schwarzschild space-time has the curious property of possessing flat
spacelike hypersurfaces. They appear miraculously when introducing the Painlevé—
Gullstrand coordinates [22,36,57]: Starting from the standard coordinate sys-
tem of (1.2.1) one introduces a new time 7 via the equation

2 2
t=17—2r4/ “™ 4 4m arctanh ( m) , (1.2.23)
r r

2m/r
1—2m/r

so that

dt =dr — dr .

This leads to

2 2
g=— {1—’”] dr? + 24/ =2 dr dr + dr® + 1 [d6° + sin® 0dg?]

r

or, passing from spherical to standard coordinates,

2 2
g = —[1—?] d7'2+2\/7mdrd7'—|—d1:2—|—dy2+dz2. (1.2.24)

(Note that each such slice has zero ADM mass.)

An important tool for the PDE analysis of space-times is provided by wave
coordinates. In spherical coordinates associated to wave coordinates (¢, Z,y, 2),
with radius function 7 = /22 + 2 + 22, the Schwarzschild metric takes the
form [38, 68]

T —m P+ m
— dt2+A7
r+m r—m

g=— di? + (7 +m)2dQ? . (1.2.25)

This is clearly obtained by replacing r with 7 =7 —m in (1.2.1).

In order to verify the harmonic character of the coordinates associated with (1.2.25),
consider a general spherically symmetric static metric of the form

g = —e*dt® + 2P dr? + 27 r2d0?
= —2dt? + PPdr? + V(6 ;datda? — dr?)

xtad

— e (e%sij + (20— ) )dxidxf , (1.2.26)

r2
where «, # and v depend only upon r. We need to calculate

1 1
O,2% = ————0 det g|g""0,2%) = ——
g u( | glg ) [det g]

V| detg|

Clearly g% = 0, which makes the calculation for 2° = t straightforward:

O, (V| det g[gh*) .

1 1
Ogt = ———=0,(v/| det g[g"") =

V| detg| V| detg|

9 (/| det g|lg®) =0,
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as nothing depends upon t. For Dgxi we have to calculate /| det g| and g*”. For
the latter, it is clear that ¢°0 = —e™2%, while by symmetry considerations we must
have

. . 2t
gl = (6” +X— ) :
T

for a function x to be determined. The equation

‘ , , , 2k ko
51]' = ¢Mgu= gjkgki =e (5]k + XT) (6275ki + <e25 - 327) 2 )
. i
= 51? Lo (Xe% +e2P _e2r 4 X(ezﬁ _ 627)> -
r
, i
= & +e ™ (62’8 — e 4 Xezﬂ) =
gives x = €200~ — 1, and finally
g = e 2761 4 (672,6 _ 6—27)72
r
Next, /| det g| is best calculated in a coordinate system in which the vector (z,y, 2)

is aligned along the z axis, (z,y,z) = (r,0,0). Then (1.2.26) reads, in space-time
dimension n + 1,

—e 0 0 0
0 e 0 -~ 0

2 ...
g= 0 0 e 0
0 0o 0
0 0 0 627

which implies
det g = _e2(atp)+2(n-1)y 7

still at (x,y,2) = (r,0,0). Spherical symmetry implies that this equality holds
everywhere.
In order to continue, it is convenient to set

¢ = e tA+(n=3)y )= ea+ﬂ+(n—1)'y(e—2ﬁ _ e—2v) ]
We then have

Vldet g|Ogz" = 8,(y/|det glg"") = 0;(/| det glg”")
- i
= 9 ( ot BHM=3)7 §ij 4 gatBH(n—1)7(o=28 _ o=27) ﬂ))

r2
¢ o
xt xigd n—1 xt
= (¢ +¢)— +z/)8j(—2) = (¢’+w’+ ( )w)f
r r r r
(1.2.27)
For the metric (1.2.25) we have
e = ;;Z , B=—a, M =(F4+m)?,
so that
P 2 _ 2
p=1, Pp=eTxe*—1= (7 +m) SN R
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and if n = 3 we obtain Oyz# = 0, as desired.
More generally, consider the Schwarzschild metric in any dimension n > 3,

n—2
r —2

2 dr?
G = — (1 _ ) dt? + g + 12402, (1.2.28)

where, as usual, d2? is the round unit metric on S® 1. In order to avoid confusion
we keep the symbol r for the coordinate appearing in (1.2.28), and rewrite (1.2.26)
as

g = —dt* + 2P di? + M72d0? (1.2.29)
It follows from (1.2.27) that the harmonicity condition reads

_d(o+) n (n—1) d(¢+ )

(n—1) (n—1)
0= = ——0. 1.2.30
e =L PR L)
Equivalently,
d an—1
A= (6 + )] y Ol — 1y (1.2.31)
7
Transforming r to # in (1.2.54) and comparing with (1.2.29) we find
2m dr r
SR [ B _ pmall vl
c -2 © T g TG

Note that ¢ + ¢ = e®#+(=1)7; chasing through the definitions one obtains ¢ =
n—3
dr (f> , leading eventually to the following form of (1.2.31)

dF \ 7
A (o= 2] o

Introducing = 1/r, one obtains an equation with a Fuchsian singularity at = 0:
d
dx
The characteristic exponents are —1 and n — 1 so that, after matching a few lead-

ing coefficients, the standard theory of such equations provides solutions with the
behavior

2371 — 2ma™ 2 dar =(n— 1Dzt .
i )| ==

m2 -3 -5 _ 4.
P m { —r 2 Inr+O(r " Inr), n=4

(n—2)rn=3 O(r5=2m), n > 5.
Somewhat surprisingly, we find logarithms of 7 in an asymptotic expansion of 7 in

dimension n = 4. However, for n > 5 there is a complete expansion of 7 in terms of
inverse powers of r, without any logarithmic terms in those dimensions.

As already hinted to in (1.2.28), higher dimensional counterparts of metrics
(1.2.1) have been found by Tangherlini [70]. In space-time dimension n+ 1, the
metrics take the form (1.2.1) with

2m
2 _
Ve=1- R (1.2.32)
and with d©Q? — the unit round metric on S”~!. The parameter m is the

Arnowitt-Deser-Misner mass in space-time dimension four, and is proportional
to that mass in higher dimensions. Assuming again m > 0, a maximal analytic
extension can be constructed by a simple modification of the calculations above,
leading to a space-time with global structure identical to that of Figure 1.8
except for the replacement 20 — (2M)Y/("=2) there.
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REMARK 1.2.1 For further reference we present a general construction of Walker [74].
We summarise the calculations already done: the starting point is a metric of the
form

g=—Fdt? + F~dr? + h, (1.2.33)

with F' = F(r), where h is a metric on an (n — 2)-dimensional manifold (it is
convenient to write I for V2, as the sign of F' did not play any role; similarly the
metric h was irrelevant for the calculations we did above). We assume that F' is
defined for r in a neighborhood of r = 7y, at which F' vanishes, with a simple zero
there. Equivalently,

Defining
u=t—f(r), v=t+f(r), ’_%, (1.2.34)
@ = —exp(—cu), ©= exp(cv), (1.2.35)
one is led to the following form of the metric
g= —gexp(—2cf(r))dﬁd@+h . (1.2.36)

Since F' has a simple zero, it factorizes as
F(r)=(r—ro)H(r),

for a function H which has no zeros in a neighborhood of ry. This follows immedi-
ately from the formula

1 T =T T !
F(r)fF(ro):/ 4 dt0)+ o) dt:(rfro)/o F(t(r — o) + o) di .

0
(1.2.37)

Now,

1 1 1 1 1 H(ro) — H(r)

F(r) ~ Hiro)r—ro) | F(r) Hlro)r—ro)  H{ro)(r —ro)  H)H(ro)(r —ro) |

An analysis of H(r)— H(rg) as in (1.2.37) followed by integration lead subsequently
to

1 o
flr) = WIH|T*T0|+f(7’) ;
for some function f which is smooth near ro. Inserting all this into (1.2.36) with
¢ = F'(rg)/2 gives
4H (r) A
=F——"= — F’ duado+ h 1.2.38
g :F(F/(’I"O))Q eXp( f(’r) (TO)) uav + ) ( )
with a positive sign if we started in the region r > r(, and negative otherwise.
The function r is again implicitly defined by the equation

b = F(r — ro) exp(f(r)F'(ro)) -
The right-hand-side has a derivative which equals T exp(f(ro)/F’(ro)) # 0 at ro,
and therefore this equation defines a smooth function r = r(@0) for r near rg by

the implicit function theorem.
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The above discussion applies to F' which are of C* differentiability class, with
some losses of differentiability. Indeed, (1.2.38) provides an extension of C*~2 differ-
entiability class, which leads to the restriction & > 2. However, the implicit function
argument just given requires h to be differentiable, so we need in fact k > 3 for a
coherent analysis. Note that for real analytic F’s the extension so constructed is
real analytic; this follows from the analytic version of the implicit function theorem.

Supposing we start with a region where r > rg, with F' positive there. Then
we are in a situation reminiscent of that we encountered with the 3 4+ 1 dimensional
Schwarzschild metric, where a single region of the type I in Figure 1.4 leads to
the attachment of three new regions to the initial manifold, through “a lower left
horizon, and an upper left horizon, meeting at a corner”. On the other hand, if we
start with r < rg and F' is negative there, we are in the situation of Figure 1.4 where
a region of type I is extended through “an upper left horizon, and an upper right
horizon, meeting at a corner”. The reader should have no difficulties examining all
remaining possibilities.

The function f of (1.2.34) for a (441)—dimensional Schwarzschild-Tangherlini
solution can be calculated to be

fzr+¢%ln(;:\/\/%).

A direct calculation leads to

8 V2m)?
g= —M exp(—r/2m) divdo + dQ2 . (1.2.39)
r
One can similarly obtain (non-very-enlightening) explicit expressions in dimen-
sion (5 + 1).
The isotropic coordinates in higher dimensions lead to the following form of
the Schwarzschild-Tangherlini metric [60]:

G = (1 + 2’;@_2>n42 (i(d;ﬁf) _ <W>2dt2 . (1.2.40)

1=1

The radial coordinate |z| in (1.2.40) is related to the radial coordinate r of
(1.2.32) by the formula

2
m w2
r = <1+2|$n2> || .

It may be considered unsatisfactory that the function r appearing in the
globally regular form of the metric (1.2.16) is not given by an explicit elemen-
tary function of the coordinates. Here is a an explicit form of the extended
Schwarzschild metric due to Israel [26]°

2
ymda:2] — (zy + 2m)%d0?. (1.2.41)

= -8 dxd
g m[:vy+xy+2

5The Israel coordinates have been found independently in [58], see also [31].
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The coordinates (x,y) are related to the standard Schwarzschild coordinates
(t,r) as follows:

ro— ay+2m, (1.2.42)
t = zy+2m(l+1Injy/x|), (1.2.43)

x| = \/\r—2m|exp(r4_t>, (1.2.44)
m
ti

ly| = s/\r—2m|exp(4mr> . (1.2.45)

In higher dimensions one also has an explicit, though again not very en-
lightening, manifestly globally regular form of the metric [35], in space-time
dimension n + 1:

w?(—(r) 7220t L Am?2((n 4+ 1)(2m — ) + 3r — 4m)

ds* = -2 dU?
° m(2m —r)?
+8mdUdw + r2dQ%_, | (1.2.46)
where 7 > 0 is the function
r(U,w)=2m+ (n—2)Uw, (1.2.47)

while dQ2_; is the metric of a unit round n — 1 sphere.

1.2.3 Some geodesics

The geodesics in the Schwarzschild metric have been studied extensively in the
literature, so we will only make a few general comments about those.

First, we already encountered a family of outgoing and incoming radial null
geodesics t F (r + 2mIn(r — 2m)) = const.

Next, each Killing vector X produces a constant of motion g(X,*) along an
affinely parameterised geodesic. So we have a conserved energy

2m . .

&=g07)=—-1-—),

r

and a conserved angular momentum w
. 2.
w:=g(dp,7) =17¢.
Yet another constant of motion arises from the length of +,
22

7

2m
1_7

om.
1- 02 4
T

9(¥,7) = —( +72(6% +sin? 0p?) = € {~1,0,1} . (1.2.48)

To simplify things somewhat, let us show that all motions are planar. One way of
doing this is to write the equations explicitly. The Lagrangean for geodesics reads:

L (At e\ L (dON? ., (de\’
$—2<V <d5> 1% (ds) r % r“sin“ 0 E .
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Those Euler-Lagrange equations which are not already covered by the conservation

laws read:
d (. _,dr dt\? doN> ., (do\?
= L) = vav(E o | £ o(=2) |, (124
I (V ds> Vo,V <ds) +2r <ds> + sin s ( 9)
d [ ,do\ . de\? ;
7 (r ds> = r“sinfcosf (ds) . (1.2.50)

Consider any geodesic, and think of the coordinates (r, 8, ) as spherical coordinates
on R3. Then the initial position vector (which is, for obvious reasons, assumed not
to be the origin) and the initial velocity vector, which is assumed not to be radial
(otherwise the geodesic will be radial, and the claim follows) define a unique plane
in R3. We can then choose the spherical coordinates so that this plane is the plane
0 = w/2. We then have 6(0) = /2 and 6(0) = 0, and then 6(s) = 7/2 is a solution
of (1.2.50) satisfying the initial values. By uniqueness this is the solution.

So, without loss of generality we can assume sinf = 1 throughout the mo-
tion, from (1.2.48) we then obtain the following ODE for r(s);

P2 =&+ (1- ) (e— =) . (1.2.51)

The radial part of the geodesic equation can be obtained by calculating di-
rectly the Christoffel symbols of the metric. A more efficient way is to use the
variational principle for geodesics, with the Lagrangean ¥ = g(¥,%) — this
can be read off from the middle term in (1.2.48). But the reader should easily
convince herself that, at this stage, the desired equation can be obtained by
differentiating (1.2.51) with respect to s, obtaining

o I _ 1(52 +(1— 277”)(5 - “’2)) |

== 3 (1.2.52)

We wish to point out the existence of a striking class of null geodesics for
which r(s) = const. It follows from (1.2.52), and from uniqueness of solutions
of the Cauchy problem for ODE’s, that such a curve will be a null geodesic
provided that the right-hand-sides of (1.2.51) and of (1.2.52) (with ¢ = 0)

vanish:

2m . w? 2w?
2 00—
E—(1——)==0= 3 (—r+3m) . (1.2.53)

Simple algebra shows now that the curves
(4 — _ _ _ 193/2, -1
s—y1(s)=(t=s,r=3m, 0 =7/2, p=+3""m "s),
are thus null geodesics spiraling on the timelike cylinder {r = 3m}.

1.2.4 The Flamm paraboloid

We write again the Schwarzschild metric in dimension n + 1,

2 dr?
G = — (1 = MZ) AP° g A0 (1.2.54)
— Thn—3

rn
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where, as usual, d2? is the round unit metric on S" . Because of spherical
symmetry, the geometry of the t = const slices can be realised by an embedding
into (n + 1)-dimensional Euclidean space. If we set

G =d2> 4 (dzh)? + ... + (dz™)? = d2® + dr® + r2dQ? |

the metric h induced by g on the the surface z = z(r) reads

h = ((%)2 + 1)dr2 +7r2dQ? .

This will coincide with the space part of (1.2.54) if we require that

dz 2m
dr V rn=2 —2m

The equation can be explicitly integrated in dimensions n = 3 and 4 in terms
of elementary functions, leading to

f— 2y/r —2m r>2m,n=3
— :l: 2 ) ) 7
S mx { In(r +vr2 —=2m), r>+2m,n=4.

The positive sign corresponds to the usual black hole exterior, while the negative
sign corresponds to the second asymptotically flat region, on the “other side”
of the Einstein-Rosen bridge. Solving for r(z), a convenient choice of zy leads
to

r—{ 2m + 22 /8m, n =3,

| V2mecosh(z/v2m), n=4.

In dimension n = 3 one obtains a paraboloid, as first noted by Flamm. The
embeddings are visualized in Figures 1.5 and 1.6.

The qualitative behavior in dimensions n > 5 is somewhat different, as then
z(r) asymptotes to a finite value as r tends to infinity. The embeddings in
n = b are visualized in Figure 1.7; in that dimension z(r) can be expressed in
terms of elliptic functions, but the final formula is not very illuminating.

1.2.5 Conformal Carter-Penrose diagrams

Consider a metric with the following product structure:
g = Grr(t,7)dr? + 29,4 (t, 7)dtdr + gu(t,7)dr?® + hag(t,r, *)detdz® | (1.2.55)

=:2g =:h

where h is Riemannian metric in dimension n — 1. Then any causal vector for
g is also a causal vector for 2¢, and drawing light-cones for ¢ gives a good idea
of the causal structure of (.#,g). We have already done that in Figure 1.4 to
depict the black hole character of the Kruskal-Szekeres space-time.

Now, it is not too difficult to prove that any two-dimensional metric can be
brought locally to the form

29 = 200 (u, v)dudv = 2gy, (—dt* + dr?) (1.2.56)

in which the light-cones have slopes one, just as in Minkowski space-time. When
using such coordinates, it is sufficient to draw their domain of definition to
visualise the global causal structure of the space-time.
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Figure 1.5: Isometric embedding of the space-geometry of an n = 3 dimensional

Schwarzschild black hole into four-dimensional Euclidean space, near the throat

of the Einstein-
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Rosen bridge r = 2m, with 2m

Figure 1.6: Isometric embedding of the space-geometry of an n

Schwarzschild black hole into five-dimensional Euclidean space, near the throat

with 2m

(2m)'/2,
(right). The extents of the vertical axis are the same as those in Figure 1.5.

Rosen bridge r

of the Einstein-
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Figure 1.7: Isometric embedding of the space-geometry of a (5+ 1)—dimensional
Schwarzschild black hole into six-dimensional Euclidean space, near the throat
of the Einstein-Rosen bridge r = (2m)"/?, with 2m = 2. The variable along the
vertical axis asymptotes to =~ £3.06 as r tends to infinity. The right picture is
a zoom to the centre of the throat.

EXERCICE 1.2.2 Prove (1.2.56). [Hint: use coordinates associated with right-going
and left-going null geodesics.]

The above are the first two-ingredients behind the idea of conformal Carter-
Penrose diagrams. The last thing to do is to bring any infinite domain of
definition of the (u,v) coordinates to a finite one.  An essentially identical
coordinate transformation works here: Indeed, let @ and v be defined by the
equations

U _ 0
tanv =

V2m’ V2m'’
where ¢ and 4 have been defined in (1.2.14)-(1.2.15). Using

tanu =

the Schwarzschild metric (1.2.16) takes the form

16m? exp(— 5=
g = — P 5m) 4 g + r2asy?
r
32m3 exp(—5=)

= 52 di d + r2dQ (1.2.57)
7 cos? 4 cos? v
Introducing new time- and space-coordinates t = (a4 + v)/2, T = (u — v)/2, so
that
u=t—-x, v=t+1x,
one obtains a more familiar-looking form
32m3 exp(— 5%

T
g = 5 gﬂ}) (—d? + dz?) + r?dQ?* .
T COS” u COS“ v
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This is regular except at cosu = 0, and cosuw = 0, and r = 0. The first set
corresponds to the straight lines & = ¢ — Z € {£7/2}, while the second is the
union of the lines v =t + z € {£7/2}.

The analysis of {r = 0} requires some work: recall that » = 0 corresponds
to v = 2m, which is equivalent to

tan(u) tan(v) =1 .

Using the formula

¢ (_+_) tanu + tanv
an(u +v) = ———
1 —tanutanv

we obtain “tan(u + v) = £00” or, more precisely,
u+v=2t==+7/2.

So the Kruskal-Szekeres metric is conformal to a smooth Lorentzian metric on
C x S?, where C is the set of Figure 1.8.

r = constant < 2M Singularity (r = 0)

r=2M r=2m
il " t = constant
/ 7\

t:constan.t //‘A\v “ ’ﬂ\\ P

S 7 NS
re iy X‘\\Vi "M\ :‘ ‘ = constant > 2

/ \
( \ r=2Mm
r=2m
Singularity (r = 0) r = constant < 2M
t = constant

Figure 1.8: The Carter-Penrose diagram® for the Kruskal-Szekeres space-time
with mass M. There are actually two asymptotically flat regions, with corre-
sponding event horizons defined with respect to the second region. Each point
in this diagram represents a two-dimensional sphere, and coordinates are cho-
sen so that light-cones have slopes plus minus one. Regions are numbered as in
Figure 1.4.

r = infinity

1.3 Some general notions

Before continuing some general notions are in order. A Killing field, by defini-
tion, is a vector field the local flow of which preserves the metric. One of the
features of the metric (1.2.1) is its stationarity, with Killing vector field X = 9;:
A space—time is called stationary if there exists a Killing vector field X which
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approaches J; in the asymptotically flat region (where r goes to oo, see Sec-
tion 2.3 below for precise definitions) and generates a one parameter groups of
isometries. A space—time is called static if it is stationary and if the stationary
Killing vector X is hypersurface-orthogonal, i.e.

X AdX" =0,

where
X’ = Xydat = g, XVdat .

EXERCICE 1.3.1 Show that the Schwarzschild and the Reissner-Nordstrom metrics
are static, but that the Kerr metrics with a # 0 are not.

A space-time is called azisymmetric if there exists a Killing vector field Y,
which generates a one parameter group of isometries, and which behaves like a
rotation: this property is captured by requiring that all orbits 27 periodic, and
that the set {Y = 0}, called the axis of rotation, is non-empty. Killing vector
fields which are a non-trivial linear combination of a time translation and of
a rotation in the asymptotically flat region are called stationary-rotating, or
helical. Note that those definitions require completeness of orbits of all Killing
vector fields (this means that the equation & = X has a global solution for all
initial values), see Refs. [11] and [21] for some results concerning this question.

In the extended Schwarzschild space-time the set {r = 2m} is a null hy-
persurface &, the Schwarzschild event horizon. The stationary Killing vector
X = 0, extends to a Killing vector X in the extended spacetime which becomes
tangent to and null on &, except at the ”bifurcation sphere” right in the middle
of Figure 1.8, where X vanishes.

A null hypersurface which coincides with a connected component of the set

My ={g(X,X) =0, X #0},

where X is a Killing vector, is called a Killing horizon associated to X. Fig-
ure 1.4 makes it clear that the event horizon {r = 2m} of the Kruskal-Szekeres
space-time is the union of four Killing horizons and of the bifurcation surface,
with respect to the Killing vector field which equals d, in the asymptotically
flat region.

Another similar example is provided by the “boost Killing vector field”

K = 20, + 10, (1.3.1)

in Minkowski space-time: The Killing horizon .4 (K) of K has four connected
components

N(K)es :={t=¢€z,0t >0}, €06ec{£l}.

The closure A (K) of A (K) is the set {|t| = |z|}, which is not a manifold,
because of the crossing of the null hyperplanes {t = £z} at t = z = 0. Horizons
of this type are referred to as bifurcate Killing horizons.

One more noteworthy example, in Minkowski space-time, is provided by the
Killing vector

X =y0; + t0y + 20y — y0, = yoy + (t + )0y — YO, . (1.3.2)
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Thus, X is the sum of a boost yJ; + td, and a rotation 29, — y0,. Note that
X vanishes if and only if
y=t+zxz=0,

which is a two-dimensional isotropic submanifold of Minkowski space-time R1:3.
Further,
9(X, X) = (t+2)*=0

which is an isotropic hyperplane in R3.

1.3.1 Surface gravity

The surface gravity x of a Killing horizon is defined by the formula
(X*Xa)u e = —2kX, . (1.3.3)

A word of justification is in order here: since g(X, X) = 0 on .4 (X) the differ-
ential of g(X, X) is conormal to .4 (X). Recalling that on a null hypersurface
the conormal is proportional to g(¢,-), where ¢ is any null vector tangent to
A (those are defined uniquely up to a proportionality factor), we obtain that
d(g9(X, X)) is proportional to X* = X, dz"; whence (1.3.3).

As an example, consider the Killing vector K of (1.3.1). We have

d(g(K,K)) = d(—z* + 1?) = 2(—zdz + tdt) ,

which is twice K* on .4 (K);. On another hand, for the Killing vector X of
(1.3.2) we have
d(g(X, X)) =2(t+ z)(dt + dzx) ,

which vanishes on each of the Killing horizons {t = —x ,y # 0}.

The surface gravity of black holes plays an important role in black hole
thermodynamics, cf., e.g., [3] and references therein.

A Killing horizon .4'(X) is said to be degenerate, or extreme, if k vanishes
throughout .4 (X); it is called non-degenerate if k has no zeros on .4 (X). Thus,
the Killing horizons A K )es are non-degenerate, while both Killing horizons of
X given by (1.3.2) are degenerate.

EXAMPLE 1.3.2 Consider the Schwarzschild metric in the representation (1.2.6),

2
g=—(1— TT”)dv? + 2dvdr + 72dO2? | (1.3.4)

We have 5
d(g(X,X)) - d(g(av,av)) - —T—Tdr .

Now, X” = g(0y,") = —(1 — 22)dv + dr, which equals dr for r = 2m. Comparing
with (1.3.3) gives
1
RS R =g
We see that the Schwarzschild black holes are all non-degenerate, with surface
gravity (2m)~!. So there are no degenerate black holes within the Schwarzschild
family. It will be seen in Section 2.5.2 that there are no regular, degenerate, static

vacuumn black holes at all.
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In Kerr space-times (see Section 1.5 below) we have x = 0 if and only if
m = a. On the other hand, all horizons in the multi-black hole Majumdar-
Papapetrou solutions of Section 1.6 are degenerate.

The surface gravity « is constant on bifurcate [29, p. 59] Killing horizons.

Yet another class of space-times with constant s ([24], Theorem 7.1) is
provided by space-times satisfying the dominant energy condition: this means
that 7),, X*Y" > 0 for all timelike future directed vector fields X and Y.

1.4 The Reissner-Nordstrom metrics

The Reissner-Nordstrom metrics are the unique spherically symmetric solu-

tions of the Einstein-Maxwell equations (with vanishing cosmological constant).

They turn out to be static, asymptotically flat, and describe black hole space-

times with interesting global properties for a certain range of parameters. The
metric takes the form

2
2
2m . %

2 2
4922—( m 9 +r2d0? (1.4.1)

- o
T r

1- 22
r r

where m is, as usual, the ADM mass of g and () is the total electric charge.
The electromagnetic potential takes the form

A:%m. (1.4.2)

The equation g(9;, d;) = 0 has solutions r = ry provided that |Q| < m:
re =ma/m2-—Q2.

Calculating as in Example 1.3.2, one finds that the surface gravities of the
horizons r = ry of the Reissner-Nordstrom metric equal

1 1 2m Q2 mry — Q?
Rt 2 rgﬁh*ri 2 " T * T2 r=r4 Ti
2 _ ()2
-V o

rx
For r = ry this is strictly positive unless |Q| = m; so we see that Reissner-
Nordstrom black holes are non-degenerate for |Q| < m, and degenerate when
Q[ = m.

In dimensions n + 1 > 5 one has [52] the following counterpart of (1.4.1)-
(1.4.2):
dr?
2m Q?

9 2
mo @
r2(n—2)

”+ﬂy:-—(1—- )dﬁ-+ Fr2d0%,  (1.4.3)

,,nn—2

dr (1.4.4)

where m is related to the ADM mass, and @ to the total charge.
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1.5 The Kerr metric

There is a rotating generalisation of the Schwarzschild metric, namely the two
parameter family of exterior Kerr metrics, which in Boyer-Lindquist coordi-
nates take the form

A — a®sin? 0 4amr sin? 0
= — dt* — dtd

g 5 5 o

2 2\2 _ A 24 29 )
(4 a’)” — AdTSInT0 2002 + Zar? e . (15.0)

by A

Here
Y =r2+a%cos?0, A=r2+a®>—2mr=r—-ry)(r—r_),

and r4 < r < 0o, where

g :m:I:(mQ—a2)% .
The metric satisfies the vacuum Einstein equations for any real values of the
parameters a and m, but we will only discuss the range 0 < a < m. When
a = 0, the Kerr metric reduces to the Schwarzschild metric. The Kerr metric is
again a vacuum solution, and it is stationary with X = J; the asymptotic time
translation, as well as axisymmetric with ¥ = 0, the generator of rotations.
Similarly to the Schwarzschild case, it turns out that the metric can be smoothly
extended across r = ry, with {r = r;} being a smooth null hypersurface & in
the extension. The simplest extension is obtained when t is replaced by a new

r 742 +a2
v=t1 —l—/ dr, (1.5.2)
T+ A

coordinate

with a further replacement of ¢ by
4 (153)
q§:g0+/ Zdr . 1.5.3
re A

It is convenient to use the symbol § for the metric ¢ in the new coordinate
system, obtaining

2
g = —(1==57)dv? + 2drdv + 6 — 2asin® ddr
2 22 262 in?
(r*+a”) 2a sin“ A sin29d¢2—%&n9d¢dv' (1.5.4)

In order to see that (1.5.4) provides a smooth Lorentzian metric for v € R and
r € (0, 00), note first that the coordinate transformation (1.5.2)-(1.5.3) has been
tailored to remove the 1/A singularity in (1.5.1), so that all coefficients are now
analytic functions on R x (0,00) x S%. A direct calculation of the determinant
of g is somewhat painful, a simpler way is to proceed as follows: first, the calcu-
lation of the determinant of the metric (1.5.1) reduces to that of a two-by-two
determinant in the (¢,) variables, leading to det g = — sin? %2, Next, it is very
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easy to check that the determinant of the Jacobi matrix d(v,r,0,¢)/d(t,r,0,¢)
is one. It follows that detg = —sin?0%? for » > r,. Analyticity implies
that this equation holds globally, which (since 3 has no zeros) establishes the
Lorentzian signature of § for all positive 7.

Let us show that the region r < ry4 is a black hole region, in the sense of
(1.2.8). We start by noting that Vr is a causal vector for r_ < r < r;, where
r— = m —vm?+a® A direct calculation using (1.5.4) is again somewhat
lengthy, instead we use (1.5.1) in the region r > r4 to obtain there

1 A (r—ry)(r—ro)

A — — T = — = — = . 1 .
G(Vr,Vr)=g(Vr,Vr)=g P -y (1.5.5)

But the left-hand-side of this equation is an analytic function throughout the
extended manifold R x (0, o) x 52, and uniqueness of analytic extensions implies
that §(Vr, Vr) equals the expression at the extreme right of (1.5.5). (The
intermediate equalities are of course valid only for r > r.) Thus Vr is spacelike
if r <r_orr>ry, null on the “Killing horizons” {r = r+}, and timelike in
the region {r_ < r < ry}. We choose a time orientation so that Vr is future
pointing there.

Consider, now, a future directed causal curve 7(s). Along v we have

dr . i) .

2 =7 Vir = gi;¥'V'r = g(¥,Vr) <0 (1.5.6)
in the region {r_ < r < ri}, because the scalar product of two future directed
causal vectors is always negative. This implies that r is strictly decreasing along
future directed causal curves in the region {r_ < r < ri}, so that such curves
can only leave this region through the set {r = r_}. In other words, no causal
communication is possible from the region {r < r;} to the “exterior world”
{r>ry}.

The Schwarzschild metric has the property that the set g(X, X) = 0, where
X is the “static Killing vector” 9y, coincides with the event horizon r = 2m.
This is not the case any more for the Kerr metric, where we have

2mr )

90000 = 0. 00) = oo = (1= 53—

and the equation §(9y,d,) = 0 defines a set called the ergosphere:
T+ =m\vm2 —a2cos? b,

see Figures 1.9 and 1.10. The ergosphere touches the horizons at the axes of
symmetry cos@ = £1. Note that 9r1 /060 # 0 at those axes, so the ergosphere
has a cusp there. The region bounded by the outermost horizon » = r4 and
the outermost ergosphere r = 7 is called the ergoregion, with X spacelike in
its interior. We refer the reader to Refs. [7] and [56] for an exhaustive analysis
of the geometry of the Kerr space-time.

One of the most useful methods for analysing solutions of wave equations is the
energy method. As an illustration, consider the wave equation

Ou=0. (1.5.7)
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Figure 1.9: A coordinate representation [62] of the outer ergosphere r = 7,
the event horizon r = r, the Cauchy horizon r = r_, and the inner ergosphere
r = r_ with the singular ring in Kerr space-time. Computer graphics by Kayll
Lake [34].

Let . is a foliation of .# by spacelike hypersurfaces, the energy E; of u on .7
associated to a vector field X is defined as

E(t) :/ T, X"n, ,
Tt

where T}, is the usual energy-momentum tensor of a scalar field,
1
Ty =VyuVyu — ivauvaugw, .

The energy functional E has two important properties: 1): E > 0 if X is causal,
and 2): E(t) is conserved if X is a Killing vector field and, say, u has compact
support on each of the .#;.

Now, the existence of ergoregions where the Killing vector X becomes space-like
leads to an E/(t) which is not necessarily positive any more, and the energy stops be-
ing a useful tool in controlling the behavior of the field. This is one of the obstactles
to our understanding of both linear and non-linear, solutions of wave equations on a
Kerr background”, not to mention the wide open question of non-linear stability of
the Kerr black holes within the class of globally hyperbolic solutions of the vacuum
Einstein equations.

The hypersurfaces
oy ={r=ry}

provide examples of null acausal boundaries. Because g(Vr,Vr) vanishes at
F€, the usual calculation shows that the integral curves of Vr with r = ry
are null geodesics. Such geodesics, tangent to a null hypersurface, are called
generators of this hypersurface. A direct calculation of Vr from (1.5.4) requires
work which can be avoided as follows: in the coordinate system (t,r,6, ) of
(1.5.1) one obtains immediately

A
Vr =g¢"o,ro, = E&« )

"See [2] and refs. therein for further information on that subject.
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Figure 1.10: Isometric embedding in Euclidean three space of the ergosphere
(the outer hull), and part of the event horizon, for a rapidly rotating Kerr solu-
tion. The hole in the event horizon arises because there is no global isometric
embedding for the event horizon when a/m > 1/3/2 [62]. Somewhat surpris-
ingly, the embedding fails to represent accurately the fact that the cusps at the
rotation axis are pointing inwards, and not outwards. Computer graphics by
Kayll Lake [34].

Now, under (1.5.2)-(1.5.3) the vector 0, transforms as

a 1"2+a2
A%t

This shows that in the coordinates (v,r, 0, ¢) we have

Op — O + Oy -

A
Vr = Ea, +ady + (r* + a*)0, .

Since A vanishes at 7 = r4, and 7% 4+ a? equals 2mry there, we conclude that
the “stationary-rotating” Killing field X + wY, where

X=0,=0y, Y=0p=0,, w=——

— 1.5.
2mry (1.5.8)

is proportional to Vr on {r > ry}:
X +wY =2mr Vr on 2 .

It follows that 0; +w0,, is null and tangent to the generators of the horizon .7 .
In other words, the generators are rotating with respect to the frame defined
by the stationary Killing vector field X. This property is at the origin of the
definition of w as the angular velocity of the event horizon.

Higher dimensional generalisations of the Kerr metric have been constructed
by Myers and Perry [52].

1.6 Majumdar-Papapetrou multi black holes

In the examples discussed so far the black hole event horizon is a connected
hypersurface in space-time. In fact [4,13], there are no regular, static, vacuum
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solutions with several black holes, consistently with the intuition that gravity
is an attractive force. However, static multi black holes become possible in
presence of electric fields. Well-behaved examples are exhausted [16] by the
Majumdar-Papapetrou black holes, in which the metric ‘g and the electromag-
netic potential A take the form [43, 59]

19 = —u72dt? + u?(da® + dy?® + d2?), (1.6.1)
A=u"ldt, (1.6.2)

with some nowhere vanishing function u. Einstein—-Maxwell equations read then

ou v 0%u  0%u

— =0 —+-—+--——==0. 1.6.3

AR Fe R WA (1.6.3)
Regular, or standard MP black holes are obtained if the coordinates z# of
(1.6.1)—(1.6.2) cover the range R x (R3\ {@;}) for a finite set of points @; € R?,

i=1,...,1, and if the function u has the form
I p

=1 L 1.6.4

S a oY

for some positive constants ;.

The property that these are the only regular black holes within the MP
class has been proved in [14], see also [15, 23]; the fact that all multi-component
regular static black holes are in the MP class has been established in [16],
building upon the work in [44, 65, 66].

The case I = oo has been considered in [12, Appendix B], where it was
pointed out that the scalar Fj,, F'*” is unbounded whenever the @;’s have ac-
cumulation points. It follows from [14] that the case where I = oo and the
a;’s do not have accumulation points cannot lead to regular asymptotically flat
space—times.

Calculating the flux of the electric field on spheres |Z —d;| = € — 0 one finds
that u; is the electric charge carried by the puncture ¥ = ;.

Higher-dimensional generalisations of the MP solutions have been pointed
out by Myers [51]. The metric and the electromagnetic potential take the form

S P ((dx1)2 T (dggn)?) : (1.6.5)
A= uildt, (166)

with u being time independent, and harmonic with respect to the flat metric
(dz')? + ...+ d(2™)%. Then, a natural candidate potential u for solutions with
black holes takes the form

N
_ Z Hi
=1

for some a; € R™.
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Let us point out some features of the geometries (1.6.5). First, for large |Z|
we have

Z i ——(n—1
w= 1+ =L o)
so that the metric is asymptotically flat, with total ADM mass equal to Zfil i
Next, choose any ¢ and let » = |& — @;| be a radial coordinate centred at a;.
Then the space-part g of the metric (1.6.5) takes the form

g = un- = ((dx ) (dm")2> — 2z (% + h)
= (rﬁm%(d(@)? +h) (1.6.8)
= ('rﬁu)ﬁ(dx2 +h), (1.6.9)

where h is the unit round metric on S®~!. Now, the metric dz? + h is the
canonical, complete, product metric on the cylinder R x S”~!. Further

rﬁu —i—d; Hi > 0.
Therefore the space-part of the Majumdar-Papapetrou metric approaches a
multiple of the canonical metric on R x S”~! as & approaches @;. Hence, the
space geometry is described by a complete metric which has one asymptotically
flat region |Z| — oo and N asymptotically cylindrical regions & — d;.

It has been shown by Hartle and Hawking [23] that, in dimension n = 3,
every standard MP space-time can be analytically extended to an electro—
vacuum space—time with I black hole regions, the calculation (keeping an eye
on n > 3) proceeds as follows: Let, as before, r = |Z— @;|; for r small we replace
t by a new coordinate v defined as

v=t+ f(r) = dt = dv — f'(r)dr ,
with a function f to be determined shortly. We obtain
ntlg = _y2(dv— fldr)? +u$(dr2 +12h)
= —u2dv® +2u"2f'dvdr + (uﬁ - u_Q(f’)Q) dr? + unap2p .
(1.6.10)

2
We have already seen that the last term un—272h is well behaved, let us show
that in some cases we can choose f to get rid of the singularity in g,,. For this
we Taylor expand u near d; as follows:

trd = 1‘2(1 + O(r”*1)> , (1.6.11)

_al|n 7. — 7.|n—2

J#i

=

with & — an analytic function of r and of the angular variables, at least for
2
small 7. We choose f so that @n—2 — 4 ~2(f")? vanishes:

f=dnr—2.
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This shows that the function

s - () - (3] o

~T

is an analytic function of r and angular variables for small r.
The above works well when n = 3, in which case (1.6.10) reads

_ u 2
g = —y jdv2+2< = ) dvdr+ go dr®+ 227«2 h.
~ ~ — =u*+0
’ =140(r?) =om prom

At r = 0 the determinant of 3*1g equals —pufdeth # 0, which implies that
3+19w/ can be analytically extended across the null hypersurface 7 = {r =
0} to a real-analytic Lorentzian metric defined in a neighborhood of J%. By
analyticity the extended metric is vacuum. Obviously .7 is a Killing horizon
for the Killing vector d; = 0,, since >*!g,, vanishes at 2.

Let us return to general dimensions n > 4 and consider "*1g,.,:

o o 4.
Hgdrdv = uw2f'drdv= (E) in=3 dr dv = <1+O(r )),uz" 23 dr dv
u

3—n
ne2y\ i e
= (1 +O(r 2))71— 2d(r ) dv

=:p
It follows that this term will be better behaved if we introduce a new radial
variable p = r"~2. This, however, will wreak havoc in "lg,,.dr?, as well as in

various other terms because then r = p»=2, which introduces fractional powers
of the new coordinate p in the metric. Now, none of these problems occur if
N =1, in which case u = @, hence "*1¢,, = 0; furthermore,

_9 9
1, -2 _ m) = _p
Joo =14 == (1+ p) T (wite)?

2

2_ 5 o N2 L
W = (i) = ()
u;"’L—n rm 2)

Sy ————=dpdv = ((7)dpdv = %dpdv

which proves that the metric can be extended analytically across a Killing
horizon {p = 0}, as desired. (The case N = 1 is of course spherically symmetric,
so this calculation is actually a special case of that in Remark 1.2.1.)

For n > 4 and N > 1 the above construction (or some slight variation
thereof, with f not necessarily radial, chosen to obtain "*lg,. = 0) produces
a metric which can at best be extended by continuity across a Killing horizon
“located at ¥ = d;”, but the extensions so obtained do not appear to be differ-
entiable. The optimal degree of differentiability that one can obtain does not
seem to be known; in any case, it has been shown in [75] that the metric cannot
be extended smoothly when n > 4 and N = 2 or 3. Similarly, in [5] it is shown
that axi-symmetric configurations in n > 5 do not poseess C? extensions.

tlg.pdrdv = o=

PROBLEM 1.6.1 Study, for n > 4, whether (1.6.7) can be corrected by a harmonic
function to give a smooth event horizon. Alternatively, show that there are no
regular static multi-component electro-vacuum black holes in higher dimensions.
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1.7 Emparan-Reall “black rings”

An interesting class of black hole solutions of the 4 + 1 dimensional station-
ary vacuum Einstein equations has been found by Emparan and Reall [19].
The metrics are asymptotically Minkowskian in spacelike directions, with an
ergosurface and an event horizon having S x S? cross-sections. (The “ring”
terminology refers to the S! factor in S* x S2.) Our presentation is an expanded
version of [19], with a somewhat different labeling of the contants appearing in
the metric; furthermore, the gravitational coupling constant G from that refer-
ence has been set to one here.®

The starting point of the analysis is the following metric, solution of vacuum

Einstein equations:
2
[v & —y
dt + /| — d
r A Tﬂ)
)

Flz)
P >(
+F(y!—F(x)< dy” +G(y)d¢2>

(
F(y
A2(z — y)? Gly)  F(y)

$2 X
+F(y) <g<$> + ?Exi dcp?)], (1.7.1)

where A > 0, v, and £ are constants, and

P =1- & (1.7.2)

GE)=ve - +1=v(-&)(-&)E-&). (1.7.3)

The constant v is chosen to satisfy 0 < v < v, = 2/3v/3. The upper bound is

determined by the requirement that the three roots £ < & < &3 of G are real.
Note that G(0) = 1 so that & < 0. Further G’ = 3v¢2 —2¢ > 0 for ¢ < 0, which
implies that & > 0. Hence,

§1 <0< <3,

In our analysis we assume that?

§o <&p <&3.

a definite choice of £ consistent with this hypothesis will be made shortly.
Requiring that
&1 <z <& (1.7.4)

guarantees G(z) > 0 and F(xz) > 0. On the other hand, both G(y) and F(y)
will be allowed to change sign, as we will be working in the ranges
y € (=00, &1] U (§p, 00) - (1.7.5)

81 am grateful to R. Emparan and H. Reall for allowing me to reproduce their figures.
?According to [19] [19], the choice £ = & corresponds to the five-dimensional rotating
black hole of [52], with one angular momentum parameter set to zero.
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Explicit formulae for the roots of G can be found, which are not particularly
enlightening. For example, for v > v, one of the roots reads

2 1
g—l———i——, where a:i’/—108u2+8+12\/§\/27u2—4y,
6v  3va  3v

and a proper understanding of the various roots appearing in this equation also
gives all solutions for 0 < v < v,. Alternatively, in this last range of v the roots
belong to the set {(zx + 3) = }7_o, with

Z), = COS (% [arccos (1 — 27;2) + 2k7TD .

Performing affine transformations of the coordinates, one can always achieve

51:_17 ‘52:17

but we will not impose these conditions in the calculations that follow.

There is a potential singularity of the G~!(z)dx? + G () F~*(z)dp? terms in
the metric at « = &1, which can be handled as follows: consider, first, a metric
of the form

dx?
h= oo @ —a0)f@)de®, flxo) #0. (1.7.6)
Introducing p = 2v/x — g, ¢ = AP one obtains
)\2f<»’60 + @f)
h=dp* + —————>pd”. (1.7.7)

This defines a metric which smoothly extends through p = 0 (when f is smooth)
if and only if ¢ is periodically identified with period, say, 27, and
2

A= ViR (1.7.8)

In order to see that, suppose that (1.7.8) holds, set &' = jcos @, #? = psin @, we
then have

X2 (f (w0 + ) = flao))

h = dp*+ p2d@* + prdp?
—— 4 e
Sapdiadib SapdEadib —dp?
~2
22 (4 (w0 + ) = £(a0)

= ,dz%dz’ +

. <5abd®“djb - ﬁ—%za:zbdf“dﬁcb) .

As f is smooth, there exists a smooth function s such that

A2 (f(xo + %) - f(ffo)) B
. -

so that
h= [(1 + 5(52)52)5ab + 8(52)93%’7} dz°di® (1.7.9)

which is manifestly smooth. This shows sufficiency of (1.7.8).
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EXERCICE 1.7.1 Show that (1.7.8) is necessary for a smooth complete metric.

In order to apply the above analysis to the last line of (1.7.1) at xy = & we
have

dz? G(x) 9
G Fo)™ =

_ 1 da*  vEp(z — &) (= — &) (z — &)* 2)
a V(x—éz)(w—€3)<:v—§1 * Ep —x dep
_ 1 o Mr(r — &) (z — &) ~2)
e (T gy AR 1)
so that (1.7.8) becomes
A= 2Ver — & (1.7.11)

CvER(& - &) (& - &)

For further purposes it is convenient to rewrite (1.7.10) as

de?  G(z)
G) | Fla)

dp? = Hix) [dﬁ2+ (1+s(,a2)ﬁ2)52d¢2] , (1.7.12)

for a smooth function s with, of course,

H(&) =v(—&)(E—&). (1.7.13)
When &p > & one can repeat this analysis at x = &2, obtaining instead

2VEr — &

A= . 1.7.14

(G — 66— &) T

Equality of (1.7.11) and (1.7.14) determines {p:

L6 — &P

{r = 6% 15 (1.7.15)

(Elementary algebra shows that £ < &p < &3, as desired.) It should be clear
that with this choice of £p, for y # &, the (x,¢)-part of the metric (1.7.1)
is a smooth (in fact, analytic) metric on S?, with the coordinate z being the
equivalent of the usual polar coordinate § on 52, except possibly at those points
where the overall conformal factor vanishes or acquires zeros, which will be
analysed shortly. Anticipating, the set obtained by varying x and ¢ and keeping
y = & will be viewed as S? with the north pole x = & removed.

The calculation of the determinant of (1.7.1) reduces to that of a two-by-two
determinant in the (¢,v) variables, which equals

F2(2)G(y)

20— )P F Q) (1.7.16)

leading to
F2(2)F*(y)

B (1.7.17)

detg = —
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so the signature is either (— + + + +) or (— — — + +), except perhaps at the
singular points * = y, or F(z) = 0 (which does not happen when p > &o,
compare (1.7.4)), or F(y) = 0.

Now, (1.7.1) is a sum of squares, and F(z) > 0, G(z) > 0 (away from the
axes « € {{1,&2}) thus the signature is

(sign(~F (). sign(~G(y)), sign(~F(y) G(y)), +,+) (1.7.18)

An examination of the four possible cases shows that a Lorentzian signature is
obtained except if F(y) > 0 and G(y) > 0.
We start by considering
y<6 (1.7.19)

which leads to F(y) > 0 and G(y) < 0. Note that G(&;) vanishes; however, it

should be clear from what has been said that —(% + %dzﬁ) is a smooth

Riemannian metric if £&; — y is related to a radial variable p = 2/§; —y € R
and 1 = Ap, with A given by (1.7.14) and ¢ being 27-periodic. Analogously to
(1.7.12), we thus have

Note that the remaining terms in (1.7.1) involving di) are also well behaved:
indeed, if we set &' = pcosp, 22 = psin @, then

AP N0 o
Td(p—z(x dz® — z°dz") |

(&1 —y)dy =
which is again manifestly smooth.

We turn our attention now to the singularity x = y. Given our ranges of
coordinates, this only occurs for z = y = £;. So, at this stage, the coordinate
t parameterises R, the coordinates (y, ) are (related to polar) coordinates on
R2, the coordinates (,¢) are coordinates on S2. If we think of x = £; as being
the north pole of S2, and we denote it by N, then g is an analytic metric on

Eox(( BE x 52 )\ ({0} x {N})) .
t Y Yep,p T PP

Near the singular set R x {0} x { N}, Emparan and Reall replace (5, p) by new
radial variables (7, ) defined as

~ ~

. p ) p
7a o y 7" = = N 5 1.7.21
B(p* + p?) B(p* + p?) ( )

where B is a constant which will be determined shortly. This is inverted as

~ A~

T R T
B +2)° T BE 1)

p (1.7.22)

It is convenient to set
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We note

This last equation shows that x — y — 0 corresponds to region r — oo.
Inserting (1.7.12) and (1.7.20) into (1.7.1) we obtain

F(x) va-y,\
“Fy) (dH & A dw)

N F(y)
A?(z —y)?H(z)H (y)

F(a)H(z) <dﬁ2 e s<ﬁ2>ﬁ2>ﬁ2d¢2)

FF(y) H(y) (dﬁ2 e 8(ﬁ2)ﬁ2)ﬁ2d¢2) . (1.7.23)

The simplest terms arise from the first line above:

§r—& — 451;% < a1 9 )2
- S| At 4 (| e AP
fr— &1+ oo eraApt Y
. 1
4(§F —61)327“2

+ O(r—4)> (dt + O(r—4)f2d¢>2. (1.7.24)

In order to analyse the remaining terms, one needs to carefully keep track of all
potentially singular terms in the metric: in particular, one needs to make sure
that the decay of the metric to the flat one is uniform, including neighborhoods
of the rotation axes # = 0 and ¥ = 0. So we write

9ppdP” + gppdd® =

F(2)H(x) (1 + 5(p%)0?) 3

+F()H()(1+ ()7 72

- Afﬁ;gzy) F(a)H(x) (1+0()?) s
+F(y)H(y)(1 n O(r4)f2>f2d¢;2] . (1.7.25)
From
dp = ﬁ (2 = a7 - 277d7) , dp = % (72 = #*)ai - 277dr)
one finds
we = U (B@H ) — 7+ 4R ) )7
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7272
(Fla)H (@) + 4(F () H(y) - F(x)H () )

ré

P x)H (y)rt
= O@r HiF. (1.7.28)

It is clearly convenient to choose B so that

(4B)*F?(&1)

LHEG)

and with this choice (1.7.24)-(1.7.28) give

g = — (1 + 0(r—2)) (dt + O(r‘4)f2d<,b>2 + O(r=4y Fdi idi
+(140072) (a7 +2dg?) + O(r~ )it dg?
+-<1+-cxr—2))(df2+-f2d¢2)-+()@f4)f4d¢2. (1.7.29)

To obtain a manifestly asymptotically flat form one sets

then
Fdi = gt + 5P, PPdp = 5 — 9Pdgt
FdF = gt + AP Pdp = 5l — 5Pdg

Introducing (z#) = (¢,9%, 9%, 7, 7°), (1.7.29) gives a manifestly asymptotically
flat metric:
g = (WV + O(r_2)>dx“dx” .

In order to understand the geometry when y — —oo, one replaces y by
Y=-1/y.

Surprisingly, the metric can be analytically extended across {Y = 0} to negative
Y: indeed, we have

_ dt? v & —y
7 _F@ﬂF@)+2 &r AF(y) "
4

1 v —y)? | Gly) 2 F(y)y 2
2, T e ™
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F(y) ( dr* | Gla) d¢2>

A2z —y)?\G(z)  F(z)
—y——00
—F(a:)[ Vdetdw %1 ”;121 T g2 AQi ngYQ
1 dz?  G(z) , ,
w1 730

Calculating directly, or using (1.7.17) and the transformation law for det g, one

has

F2(2)F' (y)y* F2(x)
A8(z —y)8 YT TTs

which shows that the metric remains non-degenerate up to {Y = 0}. Further,

one checks that all functions in (1.7.30) extend analytically to small negative

Y: e.yg.,

detg = — (1.7.31)

Fl)  &r—x  (Er—2)Y

O, 0) = = — = = ,
g(t t) gtt F(y) r—y Yép+1

(1.7.32)

etc.
To take advantage of the work done so far, in the region ¥ < 0 we replace
Y by a new coordinate
z2=-Y1>0,

obtaining a metric which has the same form as (1.7.1):

_ _F(ff)< v&—z >2
g = F2) dt + & A dy

F(z) (g d?> G(2), 5
-y [ @50+ 79 )

1'2 X
) <g<:c> * ?Exgd‘”)

(1.7.33)

By continuity, or by (1.7.18), the signature remains Lorentzian, and (taking
into account our previous analysis of the zeros of G(x)) the metric is manifestly
regular in the range

£3<2<00. (1.7.34)

Note, however, that the “stationary” Killing vector 0;, which was timelike in
the region Y > 0, is now spacelike in view of (1.7.32). Therefore the region
(1.7.34) is an ergoregion for the extended space-time. The ergosurface at Y =0
has topology S' x S? for £r > &, as assumed here.

The above coordinates break down at z = &3, so one replaces ¥ by a new
(periodic) coordinate x, and ¢ by a new coordinate v, defined as

dx = dip + ~ _F(z) dz ,

do = dt + [ 2 (z — &) Yz
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In the new coordinates the metric takes the form

=)

b i [F@) (-GGG + 2 FRa:)
.:U2 xT
+ 6P (g + re ) ] 1-7:39)
This is regular at
& :={z =8,

and the metric can be analytically continued into the region {r < z < €3. One
can check directly from (1.7.35) that g(Vz, Vz) vanishes at &. However, it is
simplest to use (1.7.33) to obtain

B A%(z — 2)%2G(2)
F(x)F(z)

9(Vz,Vz)=g** = (1.7.36)
in the region {z > &3}, and to invoke analyticity to conclude that this equation
remains valid on {z > £r}. Equation (1.7.36) shows that & is a null hyper-
surface, with z being a time function on {z < &3}, which is thus a black hole
region by the usual arguments (compare the paragraph around (1.5.6)).

We wish to show that {z = {3} is the event horizon: this will follow if
we show that there is no event horizon enclosing the regionz < £3. For this,
consider the “area function”, defined as the determinant, say W, of the matrix

g(KiaKj) s

where the K;’s, ¢ = 1,2, 3, are the Killing vectors equal to 9;, 0y, and 9, in the
asymptotically flat region. In the original coordinates of (1.7.1) this equals

F(2)G(2)F(y)G(y)
At —y)t 7

(1.7.37)

with an identical expression where z replaces y in the coordinates of (1.7.33).
One further checks that this formula is not affected by the introduction of the
coordinates of (1.7.35). Now,

F(y)G(y) = vEr(Er —y)(y — &)y — &2)(y — &3)

and, in view of the range (1.7.4) of the variable z, the sign of (1.7.37) depends
only upon the values of y and z. Since F(y) behaves as —vy* for large y, W is
negative both for y < & and for z > £3. Hence, at each point p of those two
regions the set of vectors in T,.# spanned by the Killing vectors is timelike.
So, suppose for contradiction, that the event horizon J# intersects the region
{y € [-00,&1) U z € (&3,00]}. Since S is a null hypersurface invariant under
isometries, every Killing vector is tangent to J#. However, at each point at
which W is negative there exists a linear combination of the Killing vectors
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which is timelike. This gives a contradiction because no timelike vector can be
tangent to a null hypersurface.

We conclude that {z = &3} forms indeed the event horizon, with topology
R x S! x $2: this is a “rotating black ring”.

It follows from (1.7.35) that the Killing vector field

0, A& D
V(&3 — &) Ox

" v
is light-like at &, which is therefore a Killing horizon. Equation (1.7.38) shows
that the horizon is rotating, with angular velocity

AV A& - &)
A& —&)VY 2Ver—&

(1.7.38)

Qy

(1.7.39)

The surface gravity is

o AV ER(& = &) (1.7.40)
2 V& —¢&r
As k # 0, one can further extend the space-time obtained so far in the usual
way to one which contains a bifurcate Killing horizon, and a white hole region.
The plot of Qp and & (as well as some other quantities of geometric interest)
in terms of v can be found in Figure 1.11.

Qn

0 Vs

Figure 1.11: Plots, as functions of v at fixed m, of the radius of curvature R; at
x = & of the ST factor of the horizon, the curvature radius R, at = = &, total
area A of the ring, surface gravity , and angular velocity at the horizon Q.
All quantities are rendered dimensionless by dividing by an appropriate power
of m. Figure from [19].

It is essential to understand the nature of the orbits of the isometry group,
e.g. to make sure that the domain of outer communications does not contain
any closed timelike curves. We have:

e The Killing vector 9, is timelike iff

Fly) > 0=y <&r;

e The Killing vector 0, is always spacelike;
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e From (1.7.1) we have

vF (x -
9(0y, 0y) = A2(z (_ g)/()gl(fpy—) Y

(e —p(@-n& -y — (@ -pa—y?) . (174D

~~

(%)

For y < & we can write
(Er—y) (E2—v) (G —v) > (G —y)(x—y),
—— —— ——
>(z—y) >(&1—y) >(z—y)
which leads to gy, > 0. Similarly, for y > &3,
(y—¢r) (y— &) (y—&) < —(& —y)(z—y)*,
—— —— ——
<(y-=z) <@y-&) <@y—=)

so that 0y, is spacelike or vanishing throughout the domain of outer com-
munications.

e The metric induced on the level sets of ¢ has the form
gyydy2 + g¢¢d¢}2 + gmd:n2 + gw,dg02 . (1.7.42)

We have just seen that g,y is non-negative, and g, and g,, also are in
the range (1.7.4). Further

 F@Fy) F(x) y (y — &r)
A2z —y)?Gly) A2z —y)rv (y—&)(y— &)y —&)

an expression which is again positive in the ranges of interest. It follows
that the hypersurfaces {t = const} are spacelike.

Jyy =

e The main topological features of the manifold .# constructed so far are
summarised in Figure 1.13, see also Figure 1.12. Hence

M =R x [(R2x52>\(w],

_.Z‘O

where 0 is the origin of R2, and N is the north pole of 52, with the first R
factor corresponding to time. The point ¢° which has been removed from
the R? x S? factor can be thought of as representing “spatial infinity”. It
would be of interest to study the maximal analytic extensions of (.#, g).

The metric h induced on the sections of the horizon {v = const, z = &3} can be
obtained from (1.7.42) by first neglecting the dy? terms, and then passing to the
limit y — &3. (By general arguments, or by a direct calculation from (1.7.35), this
coincides with the metric of the sections {v = const} of the event horizon &.) One
finds

L B N L

rA2E — &) ¥ T A —&2\G@) | Fl)
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Figure 1.12: Coordinate system for black ring metrics, from [18]. The diagram
sketches a section at constant ¢t and ¢. Surfaces of constant y are ring-shaped, while x
is a polar coordinate on S2. Infinity lies at z =y = —1.

so that (recall (1.7.14))
ARG = R)P PG - &) AL — )PP (Er — &) 1
e T g -6 ARG - )6 - ) (&)

By integration in « € (£1,£2) and in the angular variables @, ¢ € (0, 27) one obtains
the area of the sections of the event horizon:

_ 1672 (& — &p)*2(Ep — &)
A3/ 63 (&3 — &) (G — €1)(E3 — &1)2

A (1.7.43)

If v = v, then the black ring and the black hole degenerate to the same
solution with & = &p = &3. This is the g = a? limit of the five-dimensional
rotating black hole, for which the horizon disappears, and is replaced by a naked
singularity.

The mass m and the angular momentum J can be calculated using Komar
integrals:

_ 3 §r— &1
2A2 €3 (& — &) (& — &)’

m (1.7.44)

_on (Er — &)
A3 32 (& — &) (& — &)

Thus, m and .J are rather complicated functions of the independent parameters
A and v in view of (1.7.15).

(1.7.45)
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z = &p — event horizon y = & (rotation axis)

North pole z = & : ‘
|
o0y
| -~
Z — 00, .
-
|
|
|
|
|
|
South pole x = & :
\ )
ergosurface

Figure 1.13: Space sections of the Emparan-Reall black holes, with the angular
variables ¢ and v suppressed. The x variable runs along the vertical axis, the y
variable runs along the horizontal axis to the right of the ergosurface, while the
z coordinate is used horizontally to the left of the ergosurface. ¢° is the point
at infinity.

Recall that the spin of the Myers-Perry five-dimensional black holes is
bounded from above [52]:

J? 32
i 1.7.46
m = 277 ( )
The corresponding ratio for the solutions here is
2 2 _ 3
S _ 3 (& — &) (1.7.47)

m3 27w (26 — & — &2)%(&2 — &)

These ratios are plotted as a function of v in Figure 1.14. Rather surprisingly,
this ratio is bounded from below:
J? 32
— > 0.8437—. 1.7.48
m3 271 ( )
For 0.2164 < v < vy, there are two black ring solutions with the same
values of m and J (but different A). Moreover, these satisfy the bound (1.7.46)
so there is also a black hole with the same values of m and J. This shows
that the uniqueness theorems valid in four dimensions do not have a simple
generalisation to five dimensions.
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0.8437) T

0 0.2164 v,

Figure 1.14: (277/32).J2/m? as a function of v. The solid line corresponds to
the Emparan-Reall solutions, the dashed line to the Myers-Perry black holes.
The two dotted lines delimit the values for which both solutions with the same
mass and spin exist. From [19].

Some algebra shows that the quantities m, J, Qp, x and A satisfy a Smarr
relation

3 (kA



Chapter 2

Uniqueness theory

In this chapter we will outline the theory of uniqueness of stationary vacuum
black holes, leading to the “no-hair theorems”.

The uniqueness proofs of black holes can be divided into two parts: the
first is the reduction of the problem to elliptic PDESs, the second is the analysis
of those. The reduction involves the orbit-space metric, as defined in (2.1.1)
below, and part of the analysis is the understanding of the resulting geometry
near Killing horizons. This is the issue that we address in the first section of
this chapter.

2.1 The orbit-space geometry near Killing horizons

Consider a spacetime (.#,g) with a Killing vector field X. On any set % on
which X is timelike we can introduce coordinates in which X = 0, and the
metric may be written as

g = —V(dt+0;dx")? + vida'da? , OV = d46; = Oyyij = 0. (2.1.1)

where v = %jdxid:nj has Riemannian signature. The metric v is often referred
to as the orbit-space metric.

In well behaved black-hole spacetimes there usually exists a space-like hy-
persurface .7 C ((Mexs)), the closure . of which intersects a Killing horizon
A (X) in a compact set; then (2.1.1) defines a Riemannian metric v on . N% .
Assume that X is timelike on ((#ext)) near 4. The vanishing, or not, of the
surface gravity has a deep impact on the geometry of v near A4 (X):

1. Every compact connected component S of .7 N .4/ (X), included in a C?
degenerate Killing horizon .4°(X), on which X does not vanish, corre-
sponds to a complete asymptotic end of (.7, ~) [13].

2. Every connected component S of .#N.4(X), included in a smooth Killing
horizon .4 (X) on which
k>0,

corresponds to a totally geodesic boundary of (., ), with v being smooth
up—to—boundary. Moreover

53
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(a) adoubling of (., ) across S leads to a smooth metric on the doubled
manifold,

(b) with \/—g(X,X) extending smoothly to —y/—g(X, X) across S.

In the Majumdar-Papapetrou solutions of Section 2.5.3, the orbit-space met-
ric v as in (2.1.1) asymptotes to the usual metric on a round cylinder as the
event horizon is approached. One is therefore tempted to think of degenerate
event horizons as corresponding to asymptotically cylindrical ends of (%, 7).

2.2 Near-horizon geometry

The analysis of the previous section is useful for analysing the elliptic PDEs
aspects of the problem at hand. However, to capture the Lorentzian aspects of
the problem other tools are neeed. A useful one, to study geometry near smooth
null hypersurfaces, is provided by the null Gaussian coordinates of Isenberg and
Moncrief [?]:

PROPOSITION 2.2.1 ([?]) Near a smooth null hypersurface 7€ one can introduce
Gaussian null coordinates, in which the space-time metric g takes the form

g = zodv? + 2dvdz + 2xhedz®dv + hepdz®dx® | (2.2.1)
with J€ given by the equation {x = 0}.

PROOF: Let S C . be any (n — 1)-dimensional submanifold of .7, transverse
to the null generators of 7. Let x® be any local coordinate system on S, and
let ¢|s be any field of null vectors, defined on S, tangent to the generators of
. Solving the equation V¢ = 0, with initial values ¢|g on S, one obtains a
null vector field ¢ defined on a J#—neighborhood ¥ C 4 of S, tangent to the
generators of .7. One can extend z® to ¥ by solving the equation ¢(z®) = 0.
The function v| 4 is defined by solving the equation ¢(v) = 1 with initial value
v|s = 0. Passing to a subset of ¥ if necessary, this defines a global coordinate
system (v,z%) on ¥. By construction we have ¢ = 9, on ¥, in particular
guy = 0 on ¥. Further, ¢ is normal to J# because ¢ is a null surface, which
implies gyo = 0 on 7.
Let, next, £|4 be a field of null vectors on ¥ defined uniquely by the con-
ditions
g(lly,0) =1, @a(lly,04) =0. (2.2.2)

The first equation implies that /|y is everywhere transverse to #. Then we
define £ in a space-time neighborhood % C .# of ¥ by solving the geodesic
equation Vz/ = 0 with initial value £|4 at ¥. The coordinates (v,z%) are
extended to % by solving the equations £(v) = £(x%) = 0, and the coordinate
x is defined by solving the equation /(z) = 1, with initial value x = 0 at 7.
Passing to a subset of % if necessary, this defines a global coordinate system
(v,z,2%) on % .
By construction we have
(=0, (2.2.3)
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hence d, is a null, geodesic, vector field on %. In particular
g2z = 9(02,0:) = 0.

Let (24) = (x,2%), and note that
E(Q(Z, 3A)) = 9(£,Vi0a) = 9(,V,04) = 9(¢, V,0;)
| _
= 90, Vi, 0) = 504(a(.0)) = 0.

This shows that the components g4 of the metric are z—independent. On S
we have g, = 1 and g,, = 0 by (2.2.2), which finishes the proof. O

EXAMPLE 2.2.2 An example of the coordinate system above is obtained by taking
A to be the light-cone of the origin in (n + 1)-dimensional Minkowski space-time,
with z =r — ¢, y = (t + r)/2, then the Minkowski metric 7 takes the form

(v +2y)?

2
1 daQr” .

n = —dt* + dr? + r?dQ* = 2dx dy +
By standard causality theory, any null achronal hypersurfaces 57 is the
union of Lipschitz topological hypersurfaces. Furthermore, through every point
p € S there is a future inextendible null geodesic entirely contained in 7
(though it may leave J# when followed to the past of p). Such geodesics are
called generators. A topological submanifold S of 7 will be called a local
section, or simply section, if S meets the generators of 7 transversally; it will
be called a cross-section if it meets all the generators precisely once.
Let S be any smooth compact cross-section of the horizon, the average
surface gravity (k)g is defined as

1
wszwﬂlpwh (2.2.4)

where dpy, is the measure induced by the metric h on S, and |S] is the volume of
S. We emphasise that this is defined regardless of whether or not the stationary
Killing vector is tangent to the null generators of the hypersurface.

On a degenerate Killing horizon the surface gravity vanishes, so that the
function ¢ in (2.2.1) can itself be written as A, for some smooth function A.
The vacuum Einstein equations imply (see [?, eq. (2.9)] in dimension four and
[?, eq. (5.9)] in higher dimensions)

o °

Rap = hahy — Diahyy (2.2.5)

1
2

where }?ab is the Ricci tensor of fOLab := hap|r=0, and D is the covariant derivative
thereof, while h, := hglr—o. The Einstein equations also determine A := Al,—¢
uniquely in terms of h, and hgp:

A:%#%mm—bﬁg (2.2.6)
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(this equation follows again e.g. from [?, eq. (2.9)] in dimension four, and
can be checked by a calculation in all higher dimensions). We have:! or axial
symmetry in space-time dimension four [?]:

THEOREM 2.2.3 ( [?]) Let the space-time dimension be n + 1, n > 3, suppose
that a degenerate Killing horizon A4 has a compact cross-section, and that
iola = O\ for some function A (which is necessarily the case in vacuum static
space-times). Then (2.2.5) implies he =0, so that hyy, is Ricci-flat.

THEOREM 2.2.4 ( [?]) In space-time dimension four and in vacuum, suppose
that a degenerate Killing horizon A has a spherical cross-section, and that
(A ,g) admits a second Killing vector field with periodic orbits. For every con-
nected component Ny of N there exists an embedding into a Kerr space-time
which preserves loza, fozab and A.

It would be of great interest to obtain more information about solutions of
(2.2.5), in all dimensions, without any restrictive conditions. For instance, it
is expected that the hypothesis of the existence of a second vector field is not
necessary for Theorem 2.2.4, and it would of interest to prove, or disprove, this.

In the four-dimensional static case, Theorem 2.2.3 enforces toroidal topol-
ogy of cross-sections of .4, with a flat }Olab. On the other hand, in the four-
dimensional axi-symmetric case, Theorem 2.2.4 guarantees that the geometry
tends to a Kerr one, up to second order errors, when the horizon is approached.
So, in the degenerate case, the vacuum equations impose strong restrictions on
the near-horizon geometry.

It seems that this is not the case any more for non-degenerate horizons, at
least in the analytic setting: Indeed, we claim that for any triple (N, foLa, foLab),
where N is a two-dimensional analytic manifold (compact or not), iLa is an
analytic one-form on N, and izab is an analytic Riemannian metric on N, there
exists a vacuum space-time (.#, g) with a bifurcate (and thus non-degenerate)
Killing horizon, so that the metric g takes the form (2.2.1) near each Killing
horizon branching out of the bifurcation surface S ~ N, with ioLab = haplr=0
and ;La = halr=0; in fact iLab is the metric induced by g on S. When N is the
two-dimensional torus T? this can be inferred from [?] as follows: using [?,
Theorem (2)] with (¢, Ba, gap)|i=0 = (0, 2hq, hap) one obtains a vacuum space-
time (.#' = S* x T? x (—e¢,¢),g') with a compact Cauchy horizon S* x T? and
Killing vector K tangent to the S! factor of .#’. One can then pass to a covering
space where S' is replaced by R, and use a construction of Récz and Wald [?,
Theorem 4.2] to obtain the desired .# containing the bifurcate horizon. This
argument generalises to any analytic (N, ila, fozab) without difficulties.

2.3 Asymptotically flat stationary metrics

There exists several ways of defining asymptotic flatness, all of them roughly
equivalent in vacuum. We will adapt a Cauchy data point of view, as it ap-
pears to be the least restrictive. So, a space-time (., g) will be said to possess

1Some partial results with a non-zero cosmological constant have also been proved in [?].
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an asymptotically flat end if .# contains a spacelike hypersurface %y diffeo-
morphic to R™ \ B(R), where B(R) is a coordinate ball of radius R, with the
following properties: there exists a constant a > 0 such that, in local coordi-
nates on Zext obtained from R™ \ B(R), the metric v induced by g on Feyy,
and the extrinsic curvature tensor K of .Y.yt, satisfy the fall-off conditions, for
some k > 1,

Yij — 5ij = Ok(T_a) R Kij = Ok_l(’l“_l_a) , (2.3.1)
where we write f = Og(r®) if f satisfies
Oy O f =00, 0<t<k. (2.3.2)

For simplicity we assume that the space-time is vacuum, though similar results
hold in general under appropriate conditions on matter fields, see [?,?] and
references therein. Along any spacelike hypersurface ., a Killing vector field
X of (A ,g) can be decomposed as

X=Nn+Y,

where Y is tangent to .7, and n is the unit future-directed normal to Zyt. The
fields N and Y are called “Killing initial data”, or KID for short. The vacuum
field equations, together with the Killing equations imply the following set of
equations on .%:

Ri]’(’y) + KkkKij — QKZ‘kKkj — N_l(gyKij + DiDjN) =0, (2.3.4)

where R;;(v) is the Ricci tensor of 7.

Under the boundary conditions (2.3.1), an analysis of these equations pro-
vides detailed information about the asymptotic behavior of (N,Y). In particu-
lar one can prove that if the asymptotic region .%¢ is contained in a hypersur-
face . satisfying the requirements of the positive energy theorem, and if X is
timelike along .Zext, then (N,Y?) —, o (A%, A%), where the A*’s are constants
satisfying (4%)2 > 3°.(A%)? [?,?]. One can then choose adapted coordinates so
that the metric can be, locally, written as

= —V2(dt + 0;dz")? + ~;;dxida’ 2.3.5
g ( :?) Yijda'dz (2.3.5)
= =y
with

Yij — 0ij = Op(r™®) , ;i =Ok(r™), V—-1=04(r"). (23.7)

As discussed in more detail in [?], in v-harmonic coordinates, and in e.g.
a maximal time-slicing, the vacuum equations for g form a quasi-linear elliptic
system with diagonal principal part, with principal symbol identical to that
of the scalar Laplace operator. Methods known in principle show that, in
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this “gauge”, all metric functions have a full asymptotic expansion in terms of
powers of In7 and inverse powers of r. In the new coordinates we can in fact
take

a=n-—2. (2.3.8)

By inspection of the equations one can further infer that the leading order
corrections in the metric can be written in the Schwarzschild form (1.2.40).

Solutions without Inr terms are of special interest, because the associated
space-times have smooth conformal completion at infinity. In even space-time
dimension initial data sets containing such asymptotic regions, when close
enough to Minkowskian data, lead to asymptotically simple space-times [?, 7, ?].
It has been shown by Beig and Simon that logarithmic terms can always be got-
ten rid of by a change of coordinates in space dimension three when the mass
is non-zero [?,?]. This has been generalised in [?] to all stationary metrics in
even space-dimension n > 6, and to static metrics with non-vanishing mass in
n =>9.

2.4 Domains of outer communications, event hori-
Zons

A key notion in the theory of asymptotically flat black holes is that of the
domain of outer communications, defined as follows: For t € R let ¢¢[X] :
M — M denote the one-parameter group of diffeomorphisms generated by
X; we will write ¢; for ¢;[X] whenever ambiguities are unlikely to occur. Let
Fext be as in Section 2.3, the exterior region eyt and the domain of outer
communications ((Mex)) are then defined as?

%ext = Utgbt(yext) 5 <<%ext>> = I+(%ext) NI~ ('%ext) . (241)
The black hole region % and the black hole event horizon 5T are defined as
B =M\ (M), HT =0%.

The white hole region # and the white hole event horizon 5~ are defined as
above after changing time orientation:

W= MN\T (M), H~ =W .

It follows that the boundaries of ((.#et)) are included in the event horizons.
We set
EF = 0(( M) N [F (Meys), E=ETUE. (2.4.2)

There is considerable freedom in choosing the asymptotic region .#4y;. How-
ever, it is not too difficult to show that I*(.#ut), and hence ((Mext)), S+
and & i, are independent of the choice of ..y as long as the associated Aqy’s
overlap.

*Recall that T~ (Q), respectively J (), is the set covered by past-directed timelike, re-
spectively causal, curves originating from 2, while /= denotes the boundary of I, etc. The
sets I, etc., are defined as I, etc., after changing time-orientation.
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2.5 Uniqueness theorems

It is widely expected that the Kerr metrics provide the only stationary, regular,
vacuum, four-dimensional black holes. In spite of many works on the subject
(see, e.g., [7,7,24,7,27,27,?7,?7] and references therein), the question is far from
being settled.

To describe the current state of affairs, some terminology is needed. A
Killing vector X is said to be complete if its orbits are complete, i.e., for every
p € A the orbit ¢;[X](p) of X is defined for all t € R; X is called stationary if
it is timelike at large distances in the asymptotically flat region. Following [?],
we introduce the following:

DEFINITION 2.5.1 Let (., g) be a space-time containing an asymptotically flat
end Fext, and let X be stationary Killing vector field on #. We will say
that (A ,g,X) is [T-regular if X is complete, if the domain of outer commu-
nications ((Mext)) is globally hyperbolic, and if ((Mext)) contains a spacelike,
connected, acausal hypersurface .7 O Fui, the closure .7 of which is a topo-
logical manifold with boundary, consisting of the union of a compact set and of
a finite number of asymptotic ends, such that the boundary 0.7 := . \ . is a
topological manifold satisfying

0. C &Y 1= O(Moxt)) N T (Mext) (2.5.1)
with 0.7 meeting every generator of & precisely once.

Some comments about the definition are in order. First one requires completeness
of the orbits of the stationary Killing vector because of the need of an action of R
on .# by isometries. Next, one requires global hyperbolicity of the domain of outer
communications to guarantee its simple connectedness, to make sure that the area
theorem [?] holds, and to avoid causality violations as well as certain kinds of naked
singularities in ((#ext)). Further, the existence of a well-behaved spacelike hyper-
surface gives reasonable control of the geometry of ((Zuxt)), and is a prerequisite
to any elliptic PDEs analysis, as is extensively needed for the problem at hand. The
existence of compact cross-sections of the future event horizon prevents singularities
on the future part of the boundary of the domain of outer communications, e.g. of
the kind that occur in the Curzon solutions [?, ?], and eventually, together with the
area theorem, guarantees the smoothness of that boundary.

Obviously IT could have been replaced by I~ throughout the definition, leading
to the notion of I~ —regular black holes.

The requirement (2.5.1) appears to be somewhat unnatural, as there are per-
fectly well-behaved hypersurfaces in, e.g., the Schwarzschild space-time which do
not satisfy this condition, but there does not seem to be a coherent theory without
assuming some version of (2.5.1). The main point of this condition is to avoid cer-
tain zeros of the stationary Killing vector X at the boundary of ., which otherwise
create various difficulties; e.g.,, it is not clear how to guarantee then smoothness of
&1, or the “static-or-azisymmetric alternative”.?

Needless to say, IT-regularity holds for the standard extensions of the solutions
of main interestst: Schwarzschild, Reissner-Nordstrom, Kerr-Newman, Majumdar-
Papapetrou, or Emparan-Reall solutions.

5In fact, (2.5.1) is not needed for static metric if, e.g., one assumes at the outset that
all horizons are non-degenerate, as we do in Theorem 2.5.3 below, see the discussion in the
Corrigendum to [13].
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We have the following, long-standing conjecture, it being understood that
both the Minkowski and the Schwarzschild space-times are members of the Kerr
family:

CONJECTURE 2.5.2 Let (#,g) be a stationary. vacuum, four-dimensional space-
time containing a spacelike, connected, acausal hypersurface 7, such that .7 is

a topological manifold with boundary, consisting of the union of a compact set

and of a finite number of asymptotically flat ends. Suppose that there exists on

M a complete stationary Killing vector X, that ({Mext)) is globally hyperbolic,

and that 0.7 C M \ ({Mex)). Then ((Meox)) is isometric to the domain of
outer communications of a Kerr space-time.

2.5.1 Analytic, connected, four dimensional vacuum black holes

The proof of the following, restricted version of Conjecture 2.5.2 can be found
in [?]:

THEOREM 2.5.3 Let (.#,g) be a vacuum, analytic, asymptotically flat, four-
dimensional space-time with a stationary Killing vector X such that (A, g, X)
is It —reqular. If & is connected and mean-non-degenerate, then ((Mexs)) is
isometric to the domain of outer communications of a Kerr space-time.

Theorem 2.5.3 finds its roots in work by Carter and Robinson [?,?], with
further key steps of the proof due to Hawking [?] and Sudarsky and Wald [?].
It should be emphasised that the hypothesis of analyticity and non-degeneracy
are highly unsatisfactory, and one believes that they are not needed for the
conclusion.One also believes that no solutions with more than one component
of & are I™-regular; this has been established so far only for some special
cases [?7,7?].

Partial results concerning uniqueness of higher dimensional black holes have
been obtained by Hollands and Yazadjiev [?], compare [?,7,7, 7 7].

The proof of Theorem 2.5.3 can be outlined as follows: First, the event
horizon in a smooth or analytic space-time is a priori only a Lipschitz surface;
so the starting point of the analysis is provided by a result in [?], that event
horizons in I™-regular stationary black hole space-times are as differentiable as
the differentiability of the metric allows. One then shows [?]* that either a) the
stationary Killing vector is tangent to the generators of the event horizon, orb)
there exists a second Killing vector defined near the event horizon. The remain-
ing analysis relies heavily on the fact that the domain of outer communications
is simply connected [?] (compare [?]).

In case a) one shows that the domain of outer communications contains a
maximal (mean curvature zero) spacelike hypersurface [?]; to be able to invoke
that last reference one might need, first, to extend ((.#Zext)) using the construc-
tion in [?]. This allows one to establish staticity [?], and one concludes using
Theorem 2.5.4 below.

“Compare [?]; the result, proved by Hawking in space-dimension n = 3 [?,?], has been
generalised to n > 4 by Hollands, Ishibashi and Wald [?].
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In case b), analyticity and simple connectedness imply [?] that the isometry
group of (.#,g) contains a U(1) factor, with non-empty axis of rotation. A
delicate argument, which finds its roots in the work of Carter [?], proves that
the area function

W = —det(g(K,, Kp)) , a,b=1,2

where K, are the stationary and the periodic Killing vector, is strictly positive
on the domain of outer communications. As part of the analysis one needs
to exclude the possibility that the stationary Killing vector becomes null on
the axis of rotation within the domain of outer communications — this is the
contents of the Ergoset theorem. Classical results on group actions on simply
connected manifolds [?,?] show that the domain of outer communications is
diffeomorphic to R x (R3 \ B(1)), with the action of the isometry group by
translations in the first factor, and by rotations around an axis in R3. The
uniformisation theorem allows one to establish that v/WW can be used as the
usual polar coordinate p on R3, leading to a coordinate system in which the field
equations reduce to a harmonic map with values in two-dimensional hyperbolic
space. The map is singular at the rotation axis (compare [?]), with rather
delicate singularity structure at points where the event horizon meets the axis.
A uniqueness theorem for such maps [?,?] achieves the proof.

2.5.2 Static case

Assuming staticity, i.e., stationarity and hypersurface-orthogonality of the sta-
tionary Killing vector, a much more satisfactory result is available in space
dimensions less than or equal to seven, and in higher dimensions on manifolds
on which the Riemannian rigid positive energy theorem holds: no analyticity
conditions are needed, and non-connected configurations are excluded, without
any a priori restrictions on the gradient of the norm of the static Killing vector
at event horizons. R

More precisely, we shall say that a manifold .’ is of positive energy type
if there are no asymptotically flat complete Riemannian metrics on . with
positive scalar curvature and vanishing mass except perhaps for a flat one. This
property has been proved so far for all n—dimensional manifolds . obtained
by removing a finite number of points from a compact manifold of dimension
3 <n < 7]7?], or under the hypothesis that . is spin whatever n > 3, and is
expected to be true in general [?, ?].

We have the following result, which finds its roots in the work of Israel [?],
with further simplifications by Robinson [?], and with a significant strength-
ening by Bunting and Masood-ul-Alam [4]; the proof of the version presented
here can be found in [?,13]:%

THEOREM 2.5.4 Under the hypotheses of Qonjectur@ 2.5.2, suppose moreover
that X is hypersurface-orthogonal. Let ¥ denote the manifold obtained by
doubling . across the non-degenerate components of its boundary and com-
pactifying, in the doubled manifold, all asymptotically flat regions but one to a

®See [?] or the arXiv version of [13] for corrections to some of the claims in [13, ?].
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point. Ifjf’Z is of positive energy type, then ({Mext)) is isometric to the domain
of outer communications of a Schwarzschild space-time.

REMARK 2.5.5 As a corollary of Theorem 2.5.4 one obtains non-existence of
static, IT-regular, vacuum black holes with some components of the horizon
degenerate. As observed in [?], if the space-time dimension is four the result
follows immediately from Theorem 2.2.3 and from simple connectedness of the
domain of outer communications [?], but this does not seem to generalise to
higher dimensions in any obvious way.

2.5.3 Multi-black hole solutions

In this section we assume that the space-time dimension is four. Space-times
containing several black holes seem to be of particular interest, but we have just
seen that, under the conditions spelled-out in Theorem 2.5.4, no such vacuum
solutions exist in the static class. However, the FEinstein-Maxwell equations
admit static solutions with several black holes: the Majumdar-Papapetrou solu-
tions. As already described in Section 2.5.3, the metric g and the electromag-
netic potential A take the form [43,59] (compare [14,23])

g = —u"2dt? + u?(dx?® + dy?® + d2?), A=u"ldt, (2.5.2)
I i
u=1 + Ei:l |£ﬁd»i| y

for some positive constants p; (the electric charges carried by the punctures
& = d;). Standard MP black holes are obtained if the coordinates z* of (1.6.1)
cover the range R x (R?\ {@;}) for a finite set of points @; € R3, i =1,...,1.

The case I = 1 is a special case of the so-called Reissner-Nordstrom metrics,
which are the charged, spherically symmetric (connected) generalisations of the
Schwarzschild black holes.

The static IT-regular electro-vacuum black holes are well understood: In-
deed, the analysis in [?,44, 65,66] (compare [?]°), leads to:

THEOREM 2.5.6 Ewvery domain of outer communications in a static, electro-
vacuum, black hole space-time satisfying the hypotheses of Conjecture 2.5.2 and
which does not contain degenerate horizons is isometric to a domain of outer
communications of a Reissner-Nordstrom black hole.

The relevance of the standard MP black holes follows now from the following
result [16]:

THEOREM 2.5.7 Every domain of outer communications in a static, electro-
vacuum, black hole space-time satisfying the hypotheses of Conjecture 2.5.2 and
which contains degenerate horizons is isometric to a domain of outer commu-
nications of a standard MP space-time.

It thus follows that the MP family provides the only static, electro-vacuum,
I™-regular black holes with non-connected horizons.
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Chapter 3

Introduction to
pseudo-Riemannian geometry

3.1 Vector fields

Let M be an n-dimensional manifold. Physicists often think of vector fields in
terms of coordinate systems: a vector field X is an object which in a coordinate
system {z'} is represented by a collection of functions X*. In a new coordinate
system {y/} the field X is represented by a new set of functions:

X'(@) = X9() o= X (a0) 2 (a(9)) (3.1.1)

(The summation convention is used throughout, so that the index j has to be
summed over.)

The notion of a vector field finds its roots in the notion of the tangent to a
curve, say s — 7(s). If we use local coordinates to write v(s) as (y'(s), v2(s), ..., v"(s)),
the tangent to that curve at the point 7(s) is defined as the set of numbers

Consider, then, a curve (s) given in a coordinate system x' and let us perform
a change of coordinates x* — y/(z%). In the new coordinates 3/ the curve 7 is
represented by the functions y’(7"(s)), with new tangent

W) = 2 r(s))Gs)

This motivates (3.1.1).

In modern differential geometry a different approach is taken: one identifies
vector fields with homogeneous first order differential operators acting on real
valued functions f : M — R. In local coordinates {z'} a vector field X will be
written as X°0;, where the X%’s are the “physicists’s functions” just mentioned.
This means that the action of X on functions is given by the formula

X(f) == X'0;f (3.1.2)

65
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(recall that 0; is the partial derivative with respect to the coordinate z*). Con-
versely, given some abstract derivative operator X, the (perhaps locally defined)
functions X* in (3.1.2) can be found by acting on the coordinate functions:

X(2") = X". (3.1.3)

One justification for the differential operator approach is the fact that the tan-
gent y to a curve v can be calculated — in a way independent of the coordinate
system {xz} chosen to represent v — using the equation

() = 2220

Indeed, if « is represented as v(t) = {2z’ = ~*(t)} within a coordinate patch,
then we have

d(foy)(t) _ d(f(r(t)) _ dv'(t)

- . D @n)a).

recovering the previous coordinate formula 4 = (dv'/dt). An alternative justi-
fication is that this approach does encode the transformation law in a natural
way: indeed, from (3.1.3) and (3.1.2) we have

oy’

i — i
X)) =X"25

reproducing (3.1.1).

At any given point p € M the set of vectors forms a vector space, denoted
by T,M. The collection of all the tangent spaces is called the tangent bundle
to M, denoted by T'M.

Covector fields are fields dual to vector fields. It is convenient to define

dr'(X) = X',

where X’ is as in (3.1.2). With this definition the (locally defined) bases
{0;}iz1....dimam of TM and {dx?};—1 _gimar of T*M are dual to each other:
(da', 05) = da' () = 3,

where 6; is the Kronecker delta, equal to one when ¢ = j and zero otherwise.
Vector fields can be added and multiplied by functions in the obvious way.
Another useful operation is the Lie bracket, or commutator, defined as

X Y)(f) = X(Y(f) - Y(X(f)]. (3.1.4)
One needs to check that this does indeed define a new vector field: the simplest
way is to use local coordinates,
XY = X -viexiaf |
= X/ (8] (Y’)azf + Y’Gjalf) - Y ((9] (X’)@Zf + X%?Jé?zf)
= (XI0;Y' —YI0;X")0if + X'Y'0;0;f — YIX'9;0; f
=x7v1(0;0;f — 0:0;f)
—_——
0

= (XV9;Y'~Y79,X")0;f , (3.1.5)
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which is indeed a homogeneous first order differential operator. Here we have
used the symmetry of the matrix of second derivatives of twice differentiable
functions. We note that the last line of (3.1.5) also gives an explicit coordinate
expression for the commutator of two differentiable vector fields.

Similarly, at any given point p € M the set of covectors forms a vector
space, denoted by Ty M. The collection of all the tangent spaces is called the
cotangent bundle to M, denoted by T M.

3.2 Tensor products
If p and 0 are covectors we can define a bilinear map using the formula
(6 2 O)(X,Y) = p(X)0(Y) (3.2.1)
For example
(dz' @ dz*)(X,Y) = X'Y2.
Using this notation we have
9(X,Y) = g(X'0;,Y79;) = 9(8;,0;) X' YI =(gijda’®da?)(X,Y)
—_———
(dz'®dzi (X,Y)

We will write da’daz? for the symmetric product,
o 1 . , . A
dx'dr’ := §(dmZ ® da’ + dz? @ dz') ,
and dz' A da? for the anti-symmetric one,
. . 1 . A . A
dx' AN dz! = §(dx’ ® da? —da’ @ dz') .

It should be clear how this generalises: the tensors dz’ ® do? ® dz*, defined
as
(da! ® da? @ dz*)(X,Y, Z) = X'YizZk |

form a basis of three-linear maps on the space of vectors, which are objects of
the form
X = Xjjpda’ @ da? @ daz® .

Here X is a called tensor of valence (0,3). Each index transforms as for a
covector:

ozt dx? dxk

X =X;ade' @de? @ dak = X, —— 22 27
ijkdT” & AT Q) 4T i3k gy oyt Dy

dy™ @ dy’ @ dy™ .
It is sometimes useful to think of vectors as linear maps on co-vectors, using

a formula which looks funny when first met: if 6 is a covector, and X is a vector,
then
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So if § = 6;dz* and X = X'0; then
O(X)=6,X'=X; = X(0) .
It then makes sense to define e.g. 9; ® 0; as a bilinear map on covectors:
(01 ® 0;)(0,v) = 0;1); .

And one can define a map 9; ® dz? which is linear on forms in the first slot,
and linear in vectors in the second slot as

(0 @ da?)(0, X) = 0;(0)da’ (X) = 6; X7 . (3.2.2)
The 0; ® d2’’s form the basis of the space of tensors of rank (1,1):
T=T,0;®da? .

Generally, a tensor of valence, or rank, (r,s) can be defined as an object
which has r vector indices and s covector indices, so that it transforms as
Oy dy's dzh dxls
Obe G o5 Oy

Sil...irjlmjs N Sml...mT

For example, if X = X?0; and Y = Yj8j are vectors, then X @Y = XinOi@)@j
forms a contravariant tensor of valence two.
Tensors of same valence can be added in the obvious way: e.g.

Tensors can be multiplied by scalars: e.g.

Finally, we have seen in (3.2.1) how to take tensor products for one forms, and
in (3.2.2) how to take a tensor product of a vector and a one form, but this
can also be done for higher order tensor; e.g., if S is of valence (a,b) and T is
a multilinear map of valence (¢, d), then S ® T is a multilinear map of valence
(a+¢,b+ d), defined as

(S®T)(0,... b, )= 8(0,..)T(,...).

Vv
a covectors and b vectors c¢ covectors and d vectors

3.2.1 Contractions

Given a tensor field S* j with one index down and one index up one can perform
the sum

St
This defines a scalar, i.e., a function on the manifold. Indeed, using the trans-
formation rule ,
; Ox? oy’

i gt _ qi 99y
i Sk =g g
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one finds o,
£ _ il <)
SK—SZ] ayéaxz— 217
—
5
as desired.

.. . . v "
One can similarly do contractions on higher valence tensors, e
11020 lig..ip .
S J1j2J3.--Js S J14j3...9s *

After contraction, a tensor of rank (r 4+ 1, s 4+ 1) becomes of rank (r, s).

3.3 Raising and lowering of indices

Let g be a symmetric two-covariant tensor field on M, by definition such an
object is the assignment to each point p € M of a bilinear map g(p) from
T,M x T,M to R, with the additional property

9(X,Y) =g(Y, X) .

In this work the symbol g will be reserved to non-degenerate symmetric two-
covariant tensor fields. It is usual to simply write g for g(p), the point p being
implicitly understood. We will sometimes write g, for g(p) when referencing p
will be useful.

The usual Sylvester’s inertia theorem tells us that at each p the map g will
have a well defined signature; clearly this signature will be point-independent
on a connected manifold when ¢ is non-degenerate. A pair (M, g) is said to be a
Riemannian manifold when the signature of g is (dim M, 0); equivalently, when
g is a positive definite bilinear form on every product T, M xT,M. A pair (M, g)
is said to be a Lorentzian manifold when the signature of g is (dim M — 1,1).
One talks about pseudo-Riemannian manifolds whatever the signature of g,
as long as g is non-degenerate, but we will only encounter Riemannian and
Lorentzian metrics in this work.

Since g is non-degenerate it induces an isomorphism

b:TpM—>T;M

by the formula

X,(Y) = g(X,Y)].

In local coordinates this gives
X, = g;; X'da? =: X;dx? (3.3.1)

This last equality defines X; — “the vector X J with the index j lowered”:

The operation (3.3.2) is called the lowering of indices in the physics literature
and, again in the physics literature, one does not make a distinction between
the one-form X, and the vector X.
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The inverse map will be denoted by # and is called the raising of indices;
from (3.3.1) we obviously have

af = gijaiaj = a'9; <— dmi(aﬁ) =|af = gijaj

where g% is the matrix inverse to gij- For example,
(dz')f = g5, .

Clearly ¢, understood as the matrix of a bilinear form on Ty M, has the same
signature as ¢, and can be used to define a scalar product ¢f on T;(M )E

g (a,0) = g(af,0) = gH(da' da’) = g" .
This last equality is justified as follows:

g*(da',da?) = g((dz")?, (da?)*) = g(g" O, ¢7°00) = 9" gre ¢7* = ¢7' = g7 .
S

oy

It is convenient to use the same letter ¢ for g* — physicists do it all the time
— or for scalar products induced by g on all the remaining tensor bundles, and
we will sometimes do so.

3.4 Covariant derivatives

When dealing with R”, or subsets thereof, there exists an obvious prescription
how to differentiate tensor fields: we have then at our disposal the canonical
trivialization {0; }i=1, .. n of TR™, together with its dual trivialization {da:j}i:l,”_m
of T*R™. We can expand a tensor field T" of valence (k, £) in terms of those bases,

T = Til"'ikjll_.jl_,ail ®...Q 8% &® dat ®X...x da’t
<~ Til"'ikjl‘_.jz = T(dmil, RN dmi’“, 8]-1, R ,8”) , (341)

and differentiate each component 771 j1...j, of T' separately:
X(T) := X'0,(T"%, ;)0 ®...00;, @dr’' @...®da" . (3.4.2)

The resulting object does, however, not behave as a tensor under coordinate
transformations: as an example, consider the one-form 7" = dx on R™, which
has vanishing derivative as defined by (3.4.2). When expressed in spherical
coordinates we have

T = d(pcosp) = —psinpdy + cos pdp

the partial derivatives of which are non-zero, both with respect to the original
cartesian coordinates (z,y) and to the new spherical ones (p, ¢). The notion of
a covariant derivative, sometimes also referred to as a connection, is introduced
precisely to obtain a notion of derivative which has tensorial properties. By
definition, a covariant derivative is a map which to a vector field X and a
tensor field T assigns a tensor field of the same type as T, denoted by VxT,
with the following properties:
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1. VxT is linear with respect to addition both with respect to X and T"

VxuyT =VxT+VyT, Vx(T-i-Y):VxT—i-VXy, (3.4.3)

2. VxT is linear with respect to multiplication of X by functions f,

VixT = fVxT, (3.4.4)

3. and, finally, VxT satisfies the Leibniz rule under multiplication of T' by
a differentiable function f:

Vx(fT) = fVXT+X(f)T . (3.4.5)

It is natural to ask whether covariant derivatives do exist at all in general and,
if so, how many of them can there be. First, it immediately follows from the
axioms above that if D and V are two covariant derivatives, then

A(X,T) := DxT — VxT

is multi-linear both with respect to addition and multiplication by functions —
the non-homogeneous terms X (f)7" in (3.4.5) cancel out — and is thus a tensor
field. Reciprocally, if D is a covariant derivative and A(X,T) is bilinear with
respect to addition and multiplication by functions, then

VxT :=DxT + A(X, T) (3.4.6)

is a new covariant derivative.

We note that the sum of two covariant derivatives is not a covariant deriva-
tive. However, convex combinations of covariant derivatives, with coefficients
which may vary from point to point, are again covariant derivatives. This re-
mark allows one to construct covariant derivatives using partitions of unity:
Let, indeed, {0, };cn be an open covering of M by coordinate patches and let
; be an associated partition of unity. In each of those coordinate patches we
can decompose a tensor field 7' as in (3.4.1), and define

DxT := ZgOinaj(Til"'ikjlmje)al' ®...® 8% ® dlL‘jl ®...® dsz . (347)

7

This procedure, which depends upon the choice of the coordinate patches and
the choice of the partition of unity, defines one covariant derivative; all other
covariant derivatives are then obtained from D using (3.4.6). Note that (3.4.2)
is a special case of (3.4.7) when there exists a global coordinate system on
M. Thus (3.4.2) does define a covariant derivative. However, the associated
operation on tensor fields will not take the simple form (3.4.2) when we go to
a different coordinate system {y'} in general.

As an illustration, let us describe all possible covariant derivatives on func-
tions: first, it is straightforward to check that the assignment

(X, f) — X(f) (3.4.8)
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is a covariant derivative. It then follows that prescribing a covariant derivative
on functions is equivalent to prescribing a field w of one-forms with

Vxf=X(f)+wX)f. (3.4.9)

Clearly, any one-form
w(X ) =V X 1

determines a unique covariant derivative on functions by (3.4.9). We are free
to choose w arbitrarily, and each covariant derivative on functions is uniquely
determined by some w. For functions the generalization obtained by adding a
w piece is not very useful, and throughout this work only the covariant deriva-
tive (3.4.8) will be used for functions. The addition of a lower order term
in V becomes, however, a necessity when one wishes to construct tensors by
differentiation of tensors other than functions.

The simplest next possibility is that of a covariant derivative of vector fields.
We will first assume that we are working on a set {0 C M over which we have
a global trivialization of the tangent bundle T'M; by definition, this means that
there exist vector fields e,, a = 1,...,dim M, such that at every point p € € the
fields e, (p) € T,M form a basis of T,M.? Let 0 denote the dual trivialization
of T*M — by definition the 6%’s satisfy

Ga(eb) = (5g .

Given a covariant derivative V on vector fields we set

I%(X):=60%(Vxe,) <= Vxey= I'%(X)eq, (3.4.10a)
D% =T (ec) = 0°(Ve,p) | = Vxep =T"X%, . (3.4.10b)

The (locally) defined) functions I'%,. are called connection coefficients. If {es}
is the coordinate basis {0,} we shall write

T = dat(Vg,00) < — V0, = F"W&,> , (3.4.11)

etc. In this particular case the connection coefficients are usually called Christof-
fel symbols. We will sometimes write I'] | instead of I'?,,,. By using the Leibniz
rule (3.4.5) we find

VxY = Vx(Y,)
= X(Y%e,+Y*Vxe,
= X(Y%eq + YT (X)ey
X(Y) +T%(X)Y)eq
X(Y?) 4+T%.YXe, , (3.4.12)

o~ o~

!This is the case when  is a coordinate patch with coordinates (z'), then the
{€a}a=1,....dim M can be chosen to be equal to {0;}q=1,. dimam. Recall that a manifold is
said to be parallelizable if a basis of T'M can be chosen globally over M — in such a case 2
can be taken equal to M. We emphasize that we are not assuming that M is parallelizable,
so that equations such as (3.4.10) have only a local character in general.
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which gives various equivalent ways of writing VxY. The (perhaps only locally
defined) I'%y’s are linear in X, and the collection (I'*y)q p=1,....dim & 1S sometimes
referred to as the connection one-form. The one-covariant, one-contravariant
tensor field VY is defined as

VY 1=V, Y00 @ ey <= Vo Y2 := 0°(V,.,Y) <= |V, Y? = e (Y?) + TP, Y.
(3.4.13)
We will sometimes write V,, for V., . Further, V.Y? will sometimes be written
as Yb;a. It should be stressed that the notation V,Y? does not mean the action
of a derivative operator V, on a component Y of a vector field (as would have
been the case if the Y*’s were treated as functions, as in (3.4.9)), but represents
the tensor field VY as in (3.4.13).
Suppose that we are given a covariant derivative on vector fields, there is
a natural way of inducing a covariant derivative on one-forms by imposing the
condition that the duality operation be compatible with the Leibniz rule: given
two vector fields X and Y together with a field of one-forms « one sets

[(Vxa)(Y) = X (oY) — a(VxY)]|. (3.4.14)

Let us, first, check that (3.4.14) defines indeed a field of one-forms. The lin-
earity, in the Y variable, with respect to addition is obvious. Next, for any
function f we have

(Vxa)(fY) = X(a(fY)) - a(Vx(fY))
= X(fa(Y) + fX(a(Y)) — a(X())Y + fVxY)
= f(Vxa)(Y),

as should be the case for one-forms. Next, we need to check that V defined
by (3.4.14) does satisfy the remaining axioms imposed on covariant derivatives.
Again multi-linearity with respect to additions is obvious, as well as linearity
with respect to multiplication of X by a function. Finally,

Vx(fa)(Y) = X(fa(Y)) - fa(VxY)
= X(NHaY)+ f(Vxa)(Y),

as desired.
The duality pairing

T5M x T,M 3 (o, X) — a(X) €R

is sometimes called contraction. As already pointed out, the operation V on
one forms has been defined in (3.4.14) so as to satisfy the Leibniz rule under
duality pairing:

X(aY))=(Vxa)(Y)+a(VxY); (3.4.15)

this follows directly from (3.4.14). This should not be confused with the Leib-
niz rule under multiplication by functions, which is part of the definition of
a covariant derivative, and therefore always holds. It should be kept in mind
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that (3.4.15) does not necessarily hold for all covariant derivatives: if "V is
some covariant derivative on vectors, and /V is some covariant derivative on
one-forms, in general one will have

X(a(Y)) # ((Vx)a(Y) + a("VxY) .

Using the basis-expression (3.4.12) of VxY and the definition (3.4.14) we
have
Vya = X%Vaa6°,

with
Vaoap| = (Veaa)(eb)
= ea(afer)) — a(Ve,ep)

ealap) — TCppac | .

It should now be clear how to extend V to tensors of arbitrary valence: if
T is r covariant and s contravariant one sets

(VD) (X1, Xyt o) = X(T(Xl, X an,. ..as))

—T(VXXl,...,XT,Ozl,...CKS) — ... —T(Xl,...,vXXr,Oq,...&s)
—T(Xl,...,XT,VXal,...as) - ... —T(Xl,...,XT,Ozl,...VXOéS) .
(3.4.16)

The verification that this defines a covariant derivative proceeds in a way iden-
tical to that for one-forms. In a basis we have

VxT = XVoTu. 0,20 @ ... 00 Qep, @...R e, ,
and (3.4.16) gives

Valu,..a 2% = (Ve,T)(€ays - ea,,0,...,0%)
— e (T bl...bs) _ FC T b1...b5 _ _ FC T bl...bs
a\1ay...ar ajatc...ar B aratai...c
N L R oY L L (3.4.17)

Carrying over the last two lines of (3.4.16) to the left-hand-side of that equation
one obtains the Leibniz rule for V under pairings of tensors with vectors or
forms. It should be clear from (3.4.16) that V defined by that equation is
the only covariant derivative which agrees with the original one on wvectors,
and which satisfies the Leibniz rule under the pairing operation. We will only
consider such covariant derivatives in this work.

3.4.1 Torsion

Let V be a covariant derivative defined for vector fields, the torsion tensor T is
defined by the formula

T(X,Y):=VxY - VyX — [X,Y]

, (3.4.18)
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where [X, Y] is the Lie bracket defined in (3.1.4). We obviously have
T(X,)Y)=-T(Y,X). (3.4.19)

Let us check that T is actually a tensor field: multi-linearity with respect to
addition is obvious. To check what happens under multiplication by functions,
in view of (3.4.19) it is sufficient to do the calculation for the first slot of 7. We
then have

T(fX,)Y) = VixY —Vy(fX)-I[fX,Y]

- f(VXY - VyX) ~Y(HX - [fX,Y]. (3.4.20)

To work out the last commutator term we compute, for any function g,

[fX.Y|(g)=fX(Y(9)— Y(fX(9) =/[fIX.Y](9)-Y())X(9),
—_————
=Y (/)X (9)+fY(X(9)
hence

and the last term here cancels the undesirable before-last term in (3.4.20), as
required.
In a coordinate basis 0, we have [0,,0,] = 0 and one finds from (3.4.11)

Ty = =T(0u,0y) = (T —T9,) 05 (3.4.22)

which shows that — in coordinate frames — T is determined by twice the
antisymmetrization of the I',,,’s over the lower indices. In particular that last
antisymmetrization produces a tensor field.

3.4.2 Transformation law

Consider a coordinate basis 0, it is natural to enquire about the transformation
law of the connection coeflicients Fijk under a change of coordinates ! —
y*(2"). To make things clear, let us write I, for the connection coefficients in
the z—coordinates, and I jk for the ones in the y—cordinates. We calculate:
szk’ = dl‘z (Va% %)

oyt 0

= a'( Py 0 Wy, i)
Oxkoxi Oyt ~ Oz~ 5.k Oyt

= 0z ys< 82ye .8+ay€V¢waa>

oy Oxk0xi Oyt~ Ox7 ~ 5ok 3y Oyt
B ozt du® P2yt 0 oyt oy” 0
oy 4 (833’“8333'87;# 27 Oz By 87y4)
ozt 0%y° ox' oy Oy" .,

= 9y 0ck0nT T By Dud DaFL (3.4.23)

— 47 (v
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Summarising,

oz’ 873/Z oy" ozt O%*yP
Oys OxJ Ozk  Qy® OxkdxI

T, =T%, (3.4.24)

Thus, the I' jk’'s do not form a tensor; instead they transform as a tensor plus
a non-homogeneous second derivatives term above.

3.4.3 The Levi-Civita connection

One of the fundamental results in pseudo-Riemannian geometry is that of ex-
istence of a torsion-free connection which preserves the metric:

THEOREM 3.4.1 Let g be a two-covariant symmetric non-degenerate tensor field
on a manifold M. Then there exists a unique connection V such that

1. Vg=0,

2. the torsion tensor T of V wvanishes.

PROOF: Let us start with uniqueness. Suppose, thus, that a connection satis-
fying the above is given, by the Leibniz rule we then have for any vector fields
X,Y and Z,

0=(Vxg)(Y,2) = X(9(Y, 2)) —9(VxY,2) = g(Y,Vx Z) . (3.4.25)

One then rewrites the same equation applying cyclic permutations to X, Y,
and Z, with a minus sign for the last equation:

+9(VxY,Z)+g9(Y,VxZ) = X(9(Y,Z2)),
+9(VyZ,X)+9(Z,VyX) = Y(9(Z X)),
—g(VzX,Y) = g(X,V,Y) = —Z(g(X,Y)). (3.4.26)

As the torsion tensor vanishes, the sum of the left-hand-sides of these equations
can be manipulated as follows:

9(VXY, Z) + (Y, VxZ) + g(Vy Z, X) + g(Z,Vy X) — g(V2X.Y) — g(X, VY)
= g(VxY +VyX,Z)+g(Y,VxZ =V, X)+ g(X,VyZ — VY)

— g(2VxY — [X, Y], 2) + gV, [X, Z)) + g(X,[Y, Z])

— 2(VxY, 2) — g([X, Y], 2) + g(Y.[X, Z]) + g(X.[Y, Z])

This shows that the sum of the three equations (3.4.26) can be rewritten as

29(VXKZ) = g([X,Y],Z)—g(Y,[X,Z])—g(X,[KZ])
+X (Y, 2)+Y(9(Z, X)) — Z(g(X,Y)) . (3.4.27)

Since Z is arbitrary and g is non-degenerate, the left-hand-side of this equation
determines the vector field VxY uniquely, and uniqueness of V follows.
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To prove existence, let S(X,Y)(Z) be defined as one half of the right-hand-
side of (3.4.27),

SLYNZ) = 5 (X6, 2) + ¥ (92 X)) - Z(g(X, 7))

+9(Z,[X,Y]) = g(Y, [X, 2)) - (X, [V, Z])) . (3.4.28)

Clearly S is linear with respect to addition in all fields involved. It is straightfor-
ward to check that it is linear with respect to multiplication of Z by a function,
and since g is non-degenerate there exists a unique vector field W(X,Y) such
that

S(X,Y)(2) = g(W(X,Y), 2) .

One readily checks that the assignment
(X,Y) - W(X,Y)
satisfies all the requirements imposed on a covariant derivative VxY'. |
Consider (3.4.27) with X =0,, Y = 0ds and Z = 0,
29(V405,05) = 29(I"py0p,05)

= 295013y

= a”/gﬁcr + 8&970 - aagﬁ'y
Multiplying this equation by ¢*?/2 we then obtain

%5y = 59°7{0890y + 01908 — Dogn}| - (3.4.29)

3.4.4 Geodesics and Christoffel symbols

A twice-differentiable curve «y[a,b] — M is said to be a geodesic if it solves the
equation?
Viy=0. (3.4.30)

One says that “¥ is parallelly propaged along +”. An alternative, equivalent
approach, is to require v to be a stationary point of the action

2

=2(77)

b
() = / Lo 4)(s) ds . (3.4.31)

Thus,
1
Z(a",d") = 5ap(a")i%"

One readily finds the Euler-Lagrange equations for .Z:

402y oz b L e
ds \ 9zt ) Ozt ds? B ds ds

—0. (3.4.32)

2Strictly speaking, this should be called a geodesic segment, the name “geodesic” being
reserved to maximally extended solutions of this (3.4.30); however, we shall not make the
distinction between geodesics and geodesic segments unless it is essential to do so.
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This is clearly identical to (3.4.30).

It turns out that the left member of the equivalence in (3.4.32) provides
a very convenient way of calculating the Christoffel symbols: given a metric
g, write down £, work out the Euler-Lagrange equations, and identify the
Christoffels as the coefficients of the first derivative terms in those equations;
see Example 3.5.2 below for an application.

The Euler-Lagrange equations for (3.4.31) are identical with those of

b
I() = / G E)Nds (3.4.33)

but (3.4.31) is more convenient to work with. Note also that . is differentiable
at points where 4 vanishes, while y/|g(¥,%)(s)| is not. The aesthetic advantage of
(3.4.33), of being reparameterization-invariant, is more than compensated by the
calculational convenience of .Z.

3.5 Curvature

Let V be a covariant derivative defined for vector fields, the curvature tensor
is defined by the formula

R(X,Y)Z :=VxVyZ —-VyVxZ— V[Xy]Z , (3.5.1)

where, as elsewhere, [X,Y] is the Lie bracket defined in (3.1.4). We note the
anti-symmetry
R(X,Y)Z = -R(Y,X)Z . (3.5.2)

It turns out the this defines a tensor. Multi-linearity with respect to addition
is obvious, but multiplication by functions require more work.
First, we have (see (3.4.21))

R(fX,Y)Z = VixVyZ—-VyVixZ—ViyxyZ
= [VxVyZ-Vy(fVxZ)~ Vixyi-v(nxZ

=fVix,y1Z2-Y(f)VxZ

= fR(X,Y)Z.

The simplest proof of linearity in the last slot proceeds via an index calculation in
adapted coordinates; so while we will do the “elegant”, index-free version shortly,
let us do the ugly one first. We use the coordinate system of Proposition 3.5.3
below, in which the first derivatives of the metric vanish at the prescribed point p:

V.V Z8 = 0i(0;Z% ~T* ;2 +0x VZ
N—_——
at p
= 9,0;Z% —o,T% ;7" atp. (3.5.3)

Antisymmetrising in ¢ and j, the terms involving the second derivatives of Z drop
out, so the result is indeed linear in Z. So V;V; Zk — VjViZk is a tensor field linear
in Z, and therefore can be written as ngijZe.

Note that V,;V;Z k is, by definition, the tensor field of first covariant derivatives
of the tensor field V;Z k and it isn’t completely obvious that this is the same as
what occurs in (3.5.1), so this argument requires a further justification.
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Next,
R(X,Y)(fZ) = VxVy(fZ)=VyVx(fZ) - Vixy|(fZ)

{vx(v(nz+rovz)b-{-}
—[X,YI()Z - fVixy)Z

XY

_ {X(Y(f))Z+Y(f)VXZiX(f)vYZJerXVYZ} B { N }

a b
- X YI()Z-fVixyZ .
————

Cc

Now, a together with its counterpart with X and Y interchanged cancel out
with ¢, while b is symmetric with respect to X and Y and therefore cancels out
with its counterpart with X and Y interchanged, leading to the desired equality

RX,Y)(fZ) = fR(X,Y)Z.
In a coordinate basis {e,} = {8,} we find® (recall that [9,,d,] = 0)
Raﬁ'y& = <d$a7 R(avv 85)6ﬁ>
= <dl‘a, nyv(sag) - < : '>§<—>’y
(dx*, V(I 3505)) = (- *)sesry
(dz®,0y(T7 55) 0o + 1P 5,17 350p) — (- + )57y
= {871“0‘,35 + Faa’yrgﬁé} - { : '}6<—>'y )

leading finally to

R 5 = 05155 — 05Ty + 0,17 5 — [T 5, || (3.5.4)

In a general frame some supplementary commutator terms will appear in the
formula for R%.q4.
We note the following:

THEOREM 3.5.1 There exists a coordinate system in which the metric tensor
field has vanishing second derivatives at p if and only if its Riemann tensor
vanishes at p. Furthermore, there exists a coordinate system in which the met-
ric tensor field has constant entries near p if and only if the Riemann tensor
vanishes near p.

ProOOF: The condition is necessary, since Riem is a tensor. The sufficiency will
be admitted. )

The calculation of the curvature tensor is often a very traumatic experience.
There is one obvious case where things are painless, when all g,,,,’s are constants:
in this case the Christoffels vanish, and so does the curvature tensor.

For more general metrics one way out is to use symbolic computer algebra,
e.g. on http://grtensor.phy.queensu.ca/NewDemo.

3The reader is warned that certain authors use a different sign convention either for
R(X,Y)Z, or for R*3,s, or both. A useful table that lists the sign conventions for a se-
ries of standard GR references can be found on the backside of the front cover of [48].

XY
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EXAMPLE 3.5.2 As a less trivial example, consider the round two sphere, which
we write in the form

g =do* + e/ dp? | e?f =sin?6 .

The Christoffel symbols are easily founds from the Lagrangean for geodesics:

1 .
£ = 5(92 +e2f »2) .
The Euler-Lagrange equations give
Fetptp = 7f/e2f ; FLPQcp = ngp& = f/ )

with the remaining Christoffel symbols vanishing. Using the definition of the Rie-
mann tensor we then immediately find

Répor = —f" = (f)? = 1.

All remaining components of the Riemann tensor can be obtained from this one by
raising and lowering of indices, together with the symmetry operations which we
are about to describe. This leads to

Rab:gab7 R=2.

Equation (3.5.1) is most frequently used “upside-down”, not as a definition
of the Riemann tensor, but as a tool for calculating what happens when one
changes the order of covariant derivatives. Recall that for partial derivatives
we have

0,0,2° = 8,0,7° |

but this is not true in general if partial derivatives are replaced by covariant
ones:

V.V, 27 £V, N, Z7 .

To find the correct formula let us consider the tensor field S defined as
Y —SY):=VyZ.

In local coordinates, S takes the form
S=V,2"dx" ® 0, .

It follows from the Leibniz rule — or, equivalently, from the definitions in
Section 3.4 — that we have

(Vx9)(Y) = Vx(S(Y)) - S(VxY)
= VXVYZ — VVXyZ .
The commutator of the derivatives can then be calculated as
(VXS)(Y) — (VyS)(X) = VxVyZ-VyVxZ — VvaZ + VVYXZ
= VxVyZ-VyVxZ— V[X’Y]Z

+Vixy)Z — VvyvZ+ Vv, xZ
= R(X,Y)Z - Vrixy)Z . (3.5.5)
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Writing VS in the usual form
VS =V,5,"dz’ @ da!' ® 0, = V,V, 2" dz’ @ dat' ® 0, ,
we are thus led to
V.V, 2 =V, N, Z% = R, Z° =T, NsZ" . (3.5.6)

In the important case of vanishing torsion, the coordinate-component equivalent
of (3.5.1) is thus

V.V, X* —V,V, X% = R, X"]|. (3.5.7)

An identical calculation gives, still for torsionless connections,
V.Vyaq —V,Vyaq = =R quas (3.5.8)

For a general tensor t and torsion-free connection each tensor index comes with
a corresponding Riemann tensor term:

v#vytal...arﬁlnﬂs - vl’v,lttal...a,«ﬁl"ﬂs —

61"‘65 — ﬁl---ﬁs

o o
_R al,uuta.,.ozr e T R ar,uytal...o

+R% o tor. a4+ R tan a0 (3.5.9)
3.5.1 Bianchi identities

We have already seen the anti-symmetry property of the Riemann tensor, which
in the index notation corresponds to the equation

R%3,5 = —R%35+ - (3.5.10)

There are a few other identities satisfied by the Riemann tensor, we start with
the first Bianchi identity. Let A(X,Y,Z) be any expression depending upon
three vector fields X, Y, Z which is antisymmetric in X and Y, we set

Y AX)Y,Z)=AX,Y,Z)+ A(Y, 2,X) + A(Z,X,Y) (3.5.11)
(XY Z]

thus E[ XY 2] is a sum over cyclic permutations of the vectors X,Y, Z. Clearly,
dAXY,Z)= ) AV, Z,X)= ) AZX,)Y). (3.5.12)
(XY Z] (XY Z] (XY Z]

Suppose, first, that X, Y and Z commute. Using (3.5.12) together with the
definition (3.4.18) of the torsion tensor 7" we calculate

[Z}R(X,y)z - [Z] (VxVyZ - VyVx2)
XYZ XYZ
= Y (VavZ-Vy (VX 4T(X.2) )
XY Z]

we have used [X,Z]=0, see (3.4.18)
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= > VxWZ- ) WVzX-— ) Vy(T(X,Z2))

(XY Z] (XY Z] (XY Z] — Tzx)
=0 (see?3.5.12))
= ) Vx(T(Y,2)),
(XY Z]

and in the last step we have again used (3.5.12). This can be somewhat re-
arranged by using the definition of the covariant derivative of a higher or-
der tensor (compare (3.4.16)) — equivalently, using the Leibniz rule rewritten
upside-down:

(VxT)(Y,2) =Vx(T(Y,2)) - T(VxY,Z) - T(Y,VxZ) .
This leads to
> VT 2) = Y (VDY 2) +T(VxY, 2)+T(Y,  YxZ )
(XY Z] (XY Z] :T(;};:vzx
= > ((VxD)(Y,2)-T(T(X,Z2),Y)
(XY Z] ( g )

+ 3 T(VxY,Z)+ Y T(Y,VzX)
(XY Z) XYZl__pv,x,y)

=0 (see (3.5.12))

= > ((VXT)(Y, Z)+T(T(X, Y),Z>) :
(XY Z]

Summarizing, we have obtained the first Bianchi identity:

Y rRxY)Z= Y ((VXT)(Y,Z)+T(T(X,Y),Z)), (3.5.13)
XY Z] (XY Z]

under the hypothesis that X, Y and Z commute. However, both sides of this
equation are tensorial with respect to X, Y and Z, so that they remain correct
without the commutation hypothesis.

We are mostly interested in connections with vanishing torsion, in which
case (3.5.13) can be rewritten as

R%gys + R%y55 + R%3, = 0. (3.5.14)

Our next goal is the second Bianchi identity. We consider four vector fields
X, Y, Z and W and we assume again that everybody commutes with everybody
else. We calculate

Z}VX(R(Y,Z)W) - ¥ ( YV Vy VW —vaZvyW)

(XY Z XYZ]  —R(X,Y)VzW+VyVxV,W

= > RX,Y)VzW
(XY Z]
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+ ) VyVxVzW— > VxVzVyW

(XY Z] (XY Z]
=0
(3.5.15)
Next,
S (VxR ZW = 3 (Vx(R(Y, Z)W) — R(VxY, )W
(XY Z] (XY Z]
“R(Y, VxZ )W —R(Y. Z)VXW)
~——
=V X+T(X,Z)
= ) Vx(R(Y,2)W)
(XY Z]
= Y R(VxY,Z)W - > R, VX)W
(XY Z] IXYZ) 2 pvexvyw
=0
= > (ROLT(X, 2)W + R(Y, 2)VxW)
(XY Z]
= 3 (Vx(RY, 2)W) = RIT(X,Y), )W = R(Y, Z)VxW) .
(XY Z]

It follows now from (3.5.15) that the first term cancels out the third one, leading
to
S (VxR)(Y,Z)W =~ ) R(T Z\W | (3.5.16)
(XY Z] (XY Z]

which is the desired second Bianchi identity for commuting vector fields. As
before, because both sides are multi-linear with respect to addition and multi-
plication by functions, the result remains valid for arbitrary vector fields.

For torsionless connections the components equivalent of (3.5.16) reads

R gy + R pyoip + R uspy = O‘ : (3.5.17)

3.5.2 Pair interchange symmetry

There is one more identity satisfied by the curvature tensor which is specific to
the curvature tensor associated with the Levi-Civita connection, namely

9(X,R(Y, Z)W) = g(Y, R(X,W)Z) . (3.5.18)

If one sets

(3.5.19)

’Rabcd = gaeRebcd )

then (3.5.18) is equivalent to

Rabcd = Rcdab . (3520)
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We will present two proofs of (3.5.18). The first is direct, but not very
elegant. The second is prettier, but less insightful.

For the ugly proof, it is convenient to first establish some preliminary results,
which are of interest on their own:

PROPOSITION 3.5.3 1. Let g be a continuous Lorentzian metric, for every p €
M there exists a neighborhood thereof with a coordinate system such that g, =
N = diag(—1,+1,---,4+1) at p.

2. If g is differentiable, then the coordinates can be further chosen so that

059ap =0 (3.5.21)
at p, while preserving the degree of differentiability of g.

REMARK 3.5.4 The properties spelled-out above do of course hold in the normal
coordinates. However, the introduction of normal coordinates does lead to a loss
of differentiability of the metric.

PRrROOF: 1. Let y* be any coordinate system around p, shifting by a constant
vector we can assume that p corresponds to y* = 0. Let e, = e,"0/0y" be any
frame at p such that g(eq,es) = 74 — such frames can be found by, e.g., a
Gram-Schmidt orthogonalisation. Calculating the determinant of both sides of
the equation

v
g,ul/ea'ueb = Tab

we obtain, at p,
det(g,) det(eq")? = —1,

which shows that det(e,*) is non-vanishing. It follows that the formula
yH = elya®

defines a (linear) diffeomorphism. In the new coordinates we have, again at p,
o 0 9 0
I RN VAN 74 v 0N
g(@x“’ axb) = af bg(ayw Gy’/) = Tab - (3.5.22)

2. Let z* be the coordinates described in point 1., note that p lies at the
origin of those coordinates. The new coordinates z® will be implicitly defined
by the equations

1

where A* .3 is a set of constants, symmetric with respect to the interchange of
«a and 3. Set

tos = (07 525)

Recall the transformation law

F oy oy 02 0P
guu(z )—ga5($p<z ))@ 9z
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By differentiation one obtains at a# = z# = 0,

ag/ v 89 v [ a
T0) = 0) + gap(0) (Apd] + 55 A7)
ol
= 8;P (0) +Avup+ App (3.5.23)

where
Aagy = 9ac(0)A%8 .

It remains to show that we can choose A7, so that the left-hand-side can be
made to vanish at p. An explicit formula for A,3, can be obtained from (3.5.23)
by a cyclic permutation calculation similar to that in (3.4.26). After raising the
first index, the final result is

o _ 1 ., [098y Ogsp 0Ogpy .
Aﬁw_Qgp{ﬁwP_ﬁaﬂ_axﬁ ©0);

the reader may wish to check directly that this does indeed lead to a vanishing
right-hand-side of (3.5.23). O

We are ready now to pass to the proof of (3.5.20). We suppose that the
metric is twice-differentiable, by point 2. of Proposition 3.5.3 in a neighborhood
of any point p € M there exists a coordinate system in which the connection
coefficients I'* g, vanish at p. Equation (3.5.4) evaluated at p therefore reads

Ry = OyI%gs — 051 gy
1

= 3 {gwaw(f%gaﬁ + 08906 — 05985)

_gagazi(a’ygaﬁ + 8ﬁga'y - aagﬂv)}

1
= igcw {a’yaﬁgaé - a’yaagﬁé - adaﬁga'y + aéacrgﬁ'y } .

Equivalently,

1
Ropns(0) = 5{0:05005 — 0105955 — 050590, + 05059 }(0) (3.5.24)

This last expression is obviously symmetric under the exchange of o3 with ~d,
leading to (3.5.20).

The above calculation traces back the pair-interchange symmetry to the
definition of the Levi-Civita connection in terms of the metric tensor. As already
mentioned, there exists a more elegant proof, where the origin of the symmetry
is perhaps somewhat less apparent, which proceeds as follows: We start by
noting that

0=VaViged — VoVaged = *Recabged - Redabgce s (3525)

leading to anti-symmetry in the first two indices:

Rabcd = _Rbacd .
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Next, using the cyclic symmetry for a torsion-free connection, we have

Raped + Reabd + Rocad

Rpeda + Rapea + Redba =
Redab + Racdo + Riach =
Riabe + Rbdac + Rabde =

o o©oO O O

The desired equation (3.5.20) follows now by adding the first two and subtract-
ing the last two equations, using (3.5.25).

It is natural to enquire about the number of independent components of a tensor
with the symmetries of a metric Riemann tensor in dimension n, the calculation
proceeds as follows: as Rgpeq is symmetric under the exchange of ab with cd, and
anti-symmetric in each of these pairs, we can view it as a symmetric map from the
space of anti-symmetric tensor with two indices. Now, the space of anti-symmetric
tensors is N = n(n — 1)/2 dimensional, while the space of symmetric maps in
dimension N is N (N +1)/2 dimensional, so we obtain at most n(n—1)(n?—n+2)/8
free parameters. However, we need to take into account the cyclic identity:

Rabcd + Rbcad + Rcabd =0. (3526)

If @ = b this reads
Raacd + Racad + Rcaad =0 )

which has already been accounted for. Similarly if a = d we obtain
Rabca + Rbcaa + Rcaba =0 )

which holds in view of the previous identities. We conclude that the only new
identities which could possibly arise are those where abed are all distinct. Clearly no
expression involving three such components of the Riemann tensor can be obtained
using the previous identities, so this is an independent constraint. In dimension four
(3.5.26) provides thus four candidate equations for another constraint, labeled by d,
but it is easily checked that they all coincide; this leads to 20 free parameters at each
space point. The reader is encouraged to finish the counting in higher dimensions.

3.6 Geodesic deviation (Jacobi equation)

Suppose that we have a one parameter family of geodesics (s, A), where s is
the parameter along the geodesic, and A is a parameter which distinguishes the
geodesics. Set .
Zs o DA _ 055 )

oA oA
for each A this defines a vector field Z along «(A), which measures how nearby
geodesics deviate from each other, since, to first order,

0;

7'(5,0) =7'(s,20) + Z'(A = Xo) + O((A = X)?) .

To measure how a vector field W changes along s — 7(s, A) one introduces
the operator
DWw# owH#

s = gs T DasdWE (3.6.1)
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G OWH P
= 4P 57 +TH W (3.6.2)
= v, (3.6.3)

(It would perhaps be more logical to write D gg = but we will stick to the previous

notation.) Analogously we define

DWwWH# owH

T ox + TH 300y W (3.6.4)
oW
= Z°PVwh. (3.6.6)

Note that since s — (s, \) is a geodesic we have from (3.6.1) and (3.6.3)

D¢ DAt 0P
Z = ) =YV = !
ds ds 0s

+ T34 = 0. (3.6.7)

Further,

PPyt . . .
LT g% 00 = 2PV = Vit |

V2t =4V, 2" = 4V, 00"

" 9O\ —
(3.6.3) (3.6.6)
(3.6.8)
In other words,
V4Z =Vyzy. (3.6.9)
One then calculates as follows:
D%z oo
W(«s’) = 4Va(¥°Vs2H)
= §"Va(Z°Vgi")

(A*VaZP)V ait + ZP42V o,V gt
(A*V o ZP)V it + ZP4* (Vo Vg — VgV )" + ZP42V 5V 0t
(A4V 0 ZP)V 3iH + ZPA* Ropoty” + ZPAV 3V 03"

SOV 2V g3 + ZPA R 51T + ZPV 5(AOV o) — (Z5V g5V oA
(¥ )WV ¥ Rago'y 5(70’7)( sY*)Vay

The first and the last term cancel out by (3.6.9), resulting in

D?z+
ds?

(8) = Rapo"y*ZP4° . (3.6.10)

We have obtained an equation known as the Jacobi equation, or as the
geodesic deviation equation:

D27
=2 R(A.2)A|. 3.6.11
e (¥, 2)% ( )

Solutions of (3.6.11) are called Jacobi fields along .
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3.7 Moving frames

A formalism which is very convenient for practical calculations is that of moving
frames; it also plays a key role when considering spinors. By definition, a
moving frame is a (locally defined) field of bases {e,} of TM such that the
scalar products

ab = g(€q; ) (3.7.1)

are point independent. In most standard applications one assumes that the e,’s
form an orthonormal basis, so that g, is a diagonal matrix with plus and minus
ones on the diagonal. However, it is sometimes convenient to allow other such
frames, e.g. with isotropic vectors being members of the frame.

It is customary to denote by w?,. the associated connection coefficients:

wabc = Ha(Veceb) <~ Vxep, = wachcea , (3.7.2)

where, as elsewhere, {6%(p)} is a basis of Ty M dual to {e.(p)} C T),M; we will
refer to 6 as a coframe. The connection one forms w®, are defined as

wab(X) = Ga(VXeb) < Vxe, = wab(X)ea . (3.7.3)
As always we use the metric to raise and lower indices, so that

Wabe = gadwebc y Wb 1= gaeweb . (374)

When V is metric compatible, the wgy,’s are anti-antisymmetric: indeed, as the
Jgap’s are point independent, for any vector field X we have

0= X(gap) = X(g(ea,ep)) = 9g(Vxea,ep)+ g(ea; Vxen)
9(wa(X)ec, €) + glea, ws(X)eq)
gepw’a(X) + gaaws(X)

= wpa(X) + wan(X) -

Hence

Wah = —Whg <>  Wabe = —Whae ‘ . (3.7.5)

If the connection is the Levi-Civita connection of g, this equation will allow us
to algebraically express the wg’s in terms of the Lie brackets of the vector fields
eq. In order to see this, we note that

g(eaa veceb) = g(eaa deced) = gadwdbc = Wabc -

Rewritten the other way round this gives an alternative equation for the w’s
with all indices down:

Wabe = g(€a, Ve, &) = wap(X) =g(eq, Vxep) . (3.7.6)
If V has no torsion we find

Wabe — Waceh = g(em veceb - vebec) = g(ecu [607 61,]) .
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We can now do the usual cyclic permutation calculation to obtain

Wabe — Wach = g(eaa [eca eb]) )
_(wbca - wbac) = —g(eb, [eaa ec]) ,
_(Wcab - chzz) = _g(eca [6b7 ea]) .

Summing the three equations and using (3.7.5) we obtain

1

Wape = §(g(ea, lee, b)) — gleb, [ea, ec]) — glee, [eb,ea])) . (3.7.7)

Equation (3.7.7) provides an explicit expression for the w’s. While it is useful to
know that there is one, and while this expression is useful to estimate things, it
is rarely used for practical calculations; see Example 3.7.1 for more comments
about that last issue.

It turns out that one can obtain a simple expression for the torsion of w
using exterior differentiation. Recall that if « is a one-form, then its exterior
derivative da can be defined using the formula

da(X,Y) = X(a(Y)) = Y(a(X)) — a([X,Y]) . (3.7.8)

We set
TYX,Y):=0Y(T(X,Y)),

and using (3.7.8) together with the definition (3.4.18) of the torsion tensor T'
we calculate as follows:
T9X,Y) = 6%(VyY — VyX — [X,Y])
X(Y) +wt(X)YP — ¥ (X) — wty(Y) X" — 6°((X, Y))
X(0°(Y)) = Y (0°(X)) = 0°([X, Y]) + w3 (X)6°(Y) — w(Y)6(X)
= d0“(X,Y) + (wb AO")(X,Y) .

It follows that
T% = dh® 4+ w% A 0 . (3.7.9)

In particular when the torsion vanishes we obtain the so-called Cartan’s first
structure equation

do® 4wy ANG° = 0. (3.7.10)

EXAMPLE 3.7.1 As an example of the moving frame technique we consider (the
most general) three-dimensional spherically symmetric metric

g = e dr? 4 2 dp? 4 2" sin? fdp? . (3.7.11)
There is an obvious choice of ON coframe for g given by
o' = ePMdr, 92 =e7dp | 63 = 7 sinbdy | (3.7.12)

leading to
g=0'"® ' +60*2 P>+ 63,
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so that the frame e, dual to the 6*’s will be ON, as desired:
Jgab = g(eq, ep) = diag(1,1,1) .

The idea of the calculation which we are about to do is the following: there is only
one connection which is compatible with the metric, and which is torsion free. If
we find a set of one forms w,, which exhibit the properties just mentioned, then
they have to be the connection forms of the Levi-Civita connection. As shown in
the calculation leading to (3.7.5), the compatibility with the metric will be ensured
if we require

w11 = w2 = w33z =0,

W12 = —W21, W13 = —W31, W23 = —W32.
Next, we have the equations for the vanishing of torsion:
0=do' = —w' o —whh?—wse
~—~

=0
= w8 —wle?

do* = AeVdrAdf=~'e PO A B>
= — (.021 01 — w22 92 — w2303
N N7
——wly =0
= wlgﬁl — w2393 s
do® = ~e¥sinfdr Adp+ e cosfdf Nde =~'e PO N3 + eV cot 6% A6
- _ (.031 01 o w32 02 o w33 93
N N N7
——wly ——w?s =0

= w1391 +w2392 .

Summarising,
—w1202 - w1393 =0 y
whof! — w20 = Ae Pt A%,
whsf' +w?30° = e PO AP + eV cot 062 A O3 .

It should be clear from the first and second line that an w's proportional to #2 should
do the job; similarly from the first and third line one sees that an w23 proportional
to 63 should work. It is then easy to find the relevant coefficient, as well as to find

(.0232
wly = e B2 = /e BH4p (3.7.13a)
whs = —e P03 = e P sinbdy, (3.7.13b)
w?s = —e YcotfH = —cosfdy. (3.7.13¢)

It is convenient to define curvature two-forms:
a 1 a c d
Q% = iR bedtd N OY . (3.7.14)

The second Cartan structure equation then reads

08 = dw + wie AwS|. (3.7.15)
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This identity is easily verified using (3.7.8):

QW(X,Y) = %R“bcd 0° N OYUX,Y)
_Xecyd_xdye
= R%aXY"
= 0"(VxVye, — VyVxe, — Vixyen)
= 0(Vx(wS5(Y)er) = Vy (w(X)ee) — w([X, Y])ec)
— 4 (X(wcb(Y))eC +wo(Y)Vyee

Y (@%(X))ee — w5 (X) Ty eo — (X, V])ec
= X(W%(Y)) + B (Y)we(X)
—Y (W% (X)) = w5 (X)we(Y) = w([X, Y])
= X(W%(Y)) = Y(w%(X)) = (X, Y])
=dw®,(X,Y)
o (X )wp(Y) — wo(V)w(X)
= (dw" +wr'e Aw%)(X,Y).

Equation (3.7.15) provides an efficient way of calculating the curvature tensor
of any metric.

EXAMPLE 3.7.1 CONTINUED: From (3.7.13) we find:

ng = dw12+ wll /\w12 +w12/\w22 —|—w13/\w32
~—~ ~N ——
=0 =0 ~BO3A03=0

= —d(vePTd0)
= —(Ye P drndf
= —(ye Pty e Prgt A G2
= Z ngabH“ N R
a<b

which shows that the only non-trivial coefficient (up to permutations) with the pair
12 in the first two slots is

Rlyp = —(y/e ) e P77, (3.7.16)

A similar calculation, or arguing by symmetry, leads to

Rlgi3 = —(y/e ) e P, (3.7.17)
Finally,
923 = dw23 +w21 /\wlg + w22 /\w23 —|—w23 N w33
=0 =0
= —d(cosfdp) + (v'e PO?) A (=7 e P6?)
_ (6—27 _ (7,)26_26)92 A 93 ,
yielding

RZ3p3 = 727 — (v/)2e7%0 . (3.7.18)
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The curvature scalar can easily be calculated now to be

R= Rijij 2(R1212 + R1313 + R2323)

—4(y e PN e P £ 2(e727 — (4)2e?P) . (3.7.19)
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