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Part 1

Energy in general relativity






Chapter 1

Mass and Energy-momentum

1.1 The mass of asymptotically Euclidean manifolds

There exist various approaches to the definition of mass in general relativity,
the first one being due to Einstein [52] himself. Those approaches require
some background knowledge in symplectic field theory, and it appears useful
to present an elementary approach which quickly leads to the correct definition
for asymptotically flat Riemannian manifolds without any prerequisites.

In the remainder in this chapter we will restrict ourselves to dimensions greater
than or equal to three, as the situation turns out to be completely different in di-
mension two: Indeed, it should be clear from the considerations below that the mass
is an object which is related to the integral of the scalar curvature over the man-
ifold. Now, in dimension two, that integral is a topological invariant for compact
manifolds, while it is related to a “deficit angle” in the non-compact case. This an-
gle, to which we return in Remark 1.1.3, appears to be the natural two-dimensional
equivalent of the notion of mass.

The Newtonian approximation provides the simplest situation in which it
is natural to assign a mass to a Riemannian metric: recall that in this case the
space-part of the metric takes the form

Gij = (1 + 2¢)5z] s (111)
where ¢ is the Newtonian potential,
Asod = =4y, (1.1.2)

with p — the energy density. When p has compact support supp u C B(0, R)
we have

¢ = ¥+O(r—2), (1.1.3)

where M is the total Newtonian mass of the sources:

M = /,udB:v
R3

1
= As¢

47 R3
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= — lim 1/ Vig dS; . (1.1.4)

Here dS; denotes the usual coordinate surface element,
dS; = 0;|dx Ndy N dz (1.1.5)

with | denoting contraction. Then the number M appearing in (1.1.3) or,
equivalently, given by (1.1.4), will be called the mass of the metric (1.1.1).

In Newtonian theory it is natural to suppose that > 0. We then obtain
the simplest possible version of the positive mass theorem:

THEOREM 1.1.1 (Conformally flat positive mass theorem) Consider a C? met-
ric on R3 of the form (1.1.1) with a strictly positive function 1 + 2¢ satisfying

—Amp = A5¢ <0, ¢ —r—00 0.
Then )
0<m:=— lim / Vip dS; < oo,
R—oo 41 S(0,R)

with m vanishing if and only if g;; is flat.

PROOF: The result follows from (1.1.4); we simply note that m will be finite if
and only if u is in LY(R3). O

Somewhat more generally, suppose that
gij = Vo5 +o(r 1), Ok(gij — ¥dij) = o(r™?), (1.1.6)

with ¢ tending to 1 as r tends to infinity. Then a natural generalisation of
(1.1.4) is

1 .
m = — lim / Vi dS; , (1.1.7)
5(0,R)
provided that the limit exists.

Let us see whether Definition (1.1.7) can be applied to the Schwarzschild
metric:

dr?
4 2 2 102
(1 1.1.
g (1 —2m/r)dt +1—2m/r+r aQq”, (1.1.8)
where

dQ? = d6* + sin® Od? . (1.1.9)

Here we have decorated *g with a subscript four, emphasising its four dimen-
sional character, and we shall be using the symbol g for its three dimensional
space-part. Now, every spherically symmetric metric is conformally flat, so that
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the space-part of the Schwarzschild metric can be brought to the form (1.1.6)
without the error term, as follows: We want to find p such that

dr?

9= Ty +72dQ* = ¢ (dp® + p*dQ?) . (1.1.10)

Let us check that the answer is
m\ 4
o=(1+2)"
2p
Comparing the coefficients in front of df?, or in front of dp?, in (1.1.10) yields

2
m
—(14+2) ». 1.1.11
r ( +2p> p ( )

To finish verifying (1.1.10) it suffices to check the g, term. Differentiating we
have

m m m m m
dr=(1+2)(2x (-2 1+ 2 Vap=(1+2)(1-2)a
" <+2p><x< 2p2)Xp+ +2p>p <+2p>< 2p> P

(1.1.12)
while
2m 2m
1-22 = 1-
r (1+3)%p
m\2 2m
_ a+gp-
i+ 5P
1+ m + (ﬂ)Q _ 2m
_ P 2p p
i+ 2
2
o a-p
A+ 2P
and (1.1.10) readily follows. Hence
m O\

where § denotes the flat Euclidean metric in the coordinate system (y*). From
the asymptotic development

m \* 2m 9
(1+35) =1+ +oun™
we find that the space-part of the Schwarzschild metric has mass m, as desired.
More precisely, one finds a mass m in the coordinate system in which g takes
the form (1.1.13). This raises immediately the question, whether the number
so obtained does, or does not, depend upon the coordinate system chosen to
calculate it. We will shortly see that m is coordinate-independent, and indeed
a geometric invariant.
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For further reference we note that we have also obtained

(1-3)? m\*
4 2p 2 2 2 2 2 2
g=———5dt" + (1 + ) dp® + p~(dB” + sin” 0dp?)) . 1.1.14

Actually, (1.1.12) shows that the map which to p assigns r is not a diffeomorphism,
since dr/dp vanishes at
r=2m<=p=m/2.

This is related to the fact that the left-hand-side of (1.1.10) is singular at r = 2m,
while the right-hand side of (1.1.10) extends smoothly across p = m/2. This shows
that the apparent singularity of the metric at the left-hand-side of (1.1.10) is only
a coordinate artefact. This is called a coordinate singularity by physicists.

A closer inspection of (1.1.11)-(1.1.12) shows that the manifold R; x {p > 0} x 52
contains the Schwarzschild manifold R; x {r > 2m} x S? twice, once for p > m/2,
and one more copy for p < m/2; we will return to this later, in Section 3.2.

A hint how to proceed in general is given by the conformally flat positive
energy theorem 1.1.1, where we have used positivity properties of the “mass
density p := As¢/(—4m)” to obtain information about the asymptotic behavior
of the metric. Recall that the general relativistic correspondent of the mass
density p is the energy density p. Thus, we need an equation which involves p.
A candidate here is the scalar constraint equation,

R(g) = 16mp + |K|* = (tr,K)* . pi=Tpun'n”. (1.1.15)

(Recall that we are working in the asymptotically flat context here, which re-
quires A = 0.) Here n* is the field of unit normals to the spacelike initial
data hypersurface .¥ C M, with space metric g induced from the space-time
metric *g. Further, T, is the energy-momentum tensor, so that p has the
interpretation of energy-per-unit-volume of matter fields on .7.

Now, R contains a linear combination of second derivatives of g, which is
vaguely reminiscent of (1.1.2), however there are also terms which are quadratic
in the Christoffel symbols, and it is not completely clear that this is the right
equation. We shall, however, hope for the best, manipulate the equation in-
volving R(g), and see what comes out of that. Thus, we isolate all the second
derivatives terms in R(g) and we reexpress them as the divergence of a certain
object:

R(g) = g¢"Ric;
g9 RF ;i
= g" (akrkij — 0Tk + Q> ;

where g denotes an object which is quadratic in the first derivatives of g;; with
coefficients which are rational functions of gi;. Now,

1
I* = 59“ (0jgei + 0ige; — Oegij)
hence

1 1
rhy = 59“ (Okgei + Oiger, — Ovgi) = 59“@:9& .
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It follows that

1
R(g) = 59” 9" (01090 + Ok0igej — OkOugij — 0;0:9u + q)
= §9¢" (010590 — 0;0190) + g

= 0; <9ij9kz (Orkgei — z‘gzk)) +q

with a different quadratic remainder term. We will need to integrate this ex-
pression, so we multiply everything by /det g, obtaining finally

Vdet gR(g) = 0,17 + ¢", (1.1.16)

with ¢” yet another quadratic expression in dg, and

U7 = /detg g g™ (Orgei — Digar) - (1.1.17)

This is the object needed for the definition of mass:

DEFINITION 1.1.2 Let g be a VV&)’;’O metric defined on R" \ B(0, Ry), we set

1 .
m = lim / U’ dS;
R—oo 167 S(0,R)
. 1 i
= lim / 979" (Okgei — Oiger) V/det g dS; ,  (1.1.18)
R—oo 167 S(0,R)

whenever the limit exists.

We emphasize that we do not assume that the metric is globally defined on
R™ as that would exclude many cases of interest, including the Schwarzschild
metric.

The normalisation in (1.1.18) has been tailored to n = 3, and a different
normalisation could perhaps be more convenient in higher dimension. As this is
irrelevant for most of our purposes we will always use the above normalisation
unless explicitly indicated otherwise.

REMARK 1.1.3 In dimension two the scalar curvature is always, locally, a total
divergence, so that there is no remainder term in (1.1.16), which considerably sim-
plifies the subsequent analysis. We shall say that a two-dimensional manifold M
is finitely connected if M is diffeomorphic to a compact boundaryless manifold N
from which a finite non-zero number of points has been removed. Equivalently, M is
diffeomorphic to the union of a compact set with a finite number of exterior regions
diffeomorphic to R?\ B(0, R;). Let p be any point in M and let S,(t) and B,(t) be
the geodesic sphere and ball around p:

Sp(t) :={q € M :dy(p,q) =t}, By(t)={qe M :dy(p,q) <t} .

We will denote by L,(t) the length of S,(t) and by Ay(t) the area of B,(t). We
have the following theorem of Shiohama [142]:
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THEOREM 1.1.4 Let (M,g) be a complete, non-compact, finitely connected two di-
mensional manifold. If
R(g) € L'(M)

then

A
lim Lp(®) = lim zz(t) = 2nx(M) —/ Rdp,g . (1.1.19)
M

t—o00 t t—o00

There are several interesting consequences of this result. First, one notices that
the right-hand-side of (1.1.18) does not depend upon p, so that the first two terms
are also p-independent. Next, since the left-hand-side (1.1.18) is non-negative, if ¢
is a complete metric on R? we obtain the Cohn-Vossen inequality

/ Rdug, < 2m
M

with equality if and only if the metric is flat.

As another application of (1.1.19), consider a manifold which is the union of
a compact set with a finite number of ends M;, i = 1,...,1, diffeomorphic to
[R;,00) x S, and with the metric asymptotically approaching a flat metric on a
cone on M;:

g(w;) = dr? +r? (;—;)2 dy?

for some positive constant w;. Here we parameterize S' by an angular variable
v € [0, 2], so that the circles r =const have g(w;)-length equal to w;r. Under very
mild conditions on the convergence of g to g(w;) we will have

A(S(t) N M;) = wit? + o(t?) |

for ¢ large. In the simplest case M = R? we then obtain

/ Rdug =2m—w,
M

with w = w;. Hence, the integral of R equals the deficit angle 2m — w. This leads
to the two dimensional positive energy theorem: for asymptotically flat metrics on
R? the deficit angle is strictly positive when R > 0.

More generally, if I is the number of ends, then we have the following relation
between the deficit angles and the integral of scalar curvature

I

/M Rdpg =2m(x(M) —1I)+ Z(27T —wj) -

=1

PrROBLEM 1.1.5 Show that the individual deficit angles have a sign.

The first question we address is that of convergence of the integral (1.1.18):

PROPOSITION 1.1.6 ([3,28,113]) Let g be a I/Vlf)’coo metric defined on R™\ B(0, Ry)
such that
Vi, k0 9ij gké e L™, Okgij € L?. (1.1.20)

10
R(g)e L',

then m exists, and is finite.
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2. [INFINITE POSITIVE ENERGY THEOREM| If R(g) is a non-negative mea-
surable function which is not in L', then the limit in (1.1.18) exists with

m =00 .

PRrOOF: The result follows immediately from the divergence theorem: we write

/ W/ds; — / Uds; = / o U d3x
S(0,Rp) 5(0,R B(0,R)\B(0,Ro)

(v/det gR — ¢")dz ,

/B(O,R)\B(O,RO)

with ¢” € L' since the dyg;;’s are in L?. If R(g) is in L!, or if R(g) is measurable
and positive, the monotone convergence theorem gives

lim Wds;, = / Vdet gR d3x
F=eoJs(o.R) R™\B(0,Ro)
—/ q”d3m+/ ds; , (1.1.21)
R"\B(O,Ro) S(O,Ro)
with the last two terms being finite, and the result follows. O

Since the arguments of this section have a purely Riemannian character, the ex-
trinsic curvature tensor K, which would be present if a whole initial data set were
considered, is irrelevant for the current purposes. However, it is worthwhile point-
ing out that similar manipulations can be done with the vector constraint equation,
leading to the definition of the ADM momentum of an initial data set, as follows:
For notational convenience let us set

P9 = tr,Kg” — K"V, (1.1.22)
JIo= Tt (1.1.23)

so that the vector constraint equation can be rewritten as
D;P'; =8nJ; . (1.1.24)

The vector field J is usually called the matter momentum vector. Similarly to
(1.1.16), we want to obtain a divergence identity involving J. Now, divergence
identities involve vector fields, while (1.1.24) involves the divergence of a tensor;
this is easily taken care of by choosing some arbitrary vector field X and writing

Di(P';X7) = D;P"; X"+ P";D; X’ = 8nJ; X" + P;D; X7 . (1.1.25)
Integrating over large spheres gives
/oo P X1dS; = Jim_ s P X7
= /M 87J'X; + P';D; X7, (1.1.26)

provided that the last integral converges. Let X’ be any set of constants, the ADM
momentum vector p is the set of numbers p; defined using the boundary integrand

above: )
piXl, = — P X7 .dS; . (1.1.27)
871' §oo
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To analyse convergence, let X be any differentiable vector field which coincides with
X for r large, and which is zero outside of the asymptotic region. It is natural to
assume that the total momentum of the fields other than the gravitational one is
finite:

J € L' (Mexy)

this ensures convergence of the J integral in (1.1.26). The convergence of the second
term there is usually taken care of by requiring that

P9, Okgij € L*(Mexs) - (1.1.28)
For then we have, for r large,

PYD;X; = P';D;X7 = P'j(0; X1, +T73x XE) < CIP| Y [0ig;nl -
4 i,j,k
Integrating over M and using 2ab < a2 + b? gives

‘/M PYD;X; < C/Mm (|p|2 + Z |8¢gjk|2> )

ext i7j,k;

PYD;X;

]\/Iext

and convergence follows. We have thus proved
PROPOSITION 1.1.7 Suppose that
J €L (Mext), PV, Okgij € L*(Mext) -

Then the ADM momentum (1.1.27) is finite.

It seems sensible to test our definition on a few examples. First, if g is the
flat Euclidean metric on R™, and we use the standard Euclidean coordinates,
then m = 0, which appears quite reasonable. Consider, next, the space-part
of the Schwarzschild metric: whether in the form (1.1.10) or (1.1.13) it can be
written as

9ij =65 +O(r™") . with Jggij = O(r™?) (1.1.29)

(for (1.1.13) this is straightforward; for (1.1.10) one should introduce the ob-
vious pseudo-Euclidean coordinates x* associated to the spherical coordinates
(r,0,¢). We will use the scalar constraint equation to calculate R(g); this
requires calculating the extrinsic curvature tensor K;;. Recall that

K(Xa Y) = g(P(vXn)7Y) ’

where P is the orthogonal projection on the space tangent to the hypersurface
in consideration; in our case these are the hypersurfaces ¢t = const. From (1.1.8)
the field of unit conormals n,dz" to those hypersurfaces takes the form

nudet = /1 —2m/rdt .

Further,
P(X"0,) = X'0; .
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Let X = P(X) so that X = X'0;, we calculate

Vxng = X(ng)—Tgn,X®
=0
= —nelX". (1.1.30)
Further
1
T = 54900(31 “gor, +0k “g0i —00" gi) (1.1.31a)
=~ =~
=0 =0
1
= —5"9" " ga =0, (1.1.31b)
hence
Kij =0.

The scalar constraint equation (1.1.15) gives now
R(g)=0.

This is obviously in L', while 7=2 is in L? on R3 \ B(0,1) (since r~—* is in
LY(R3\ B(0,1))), and convergence of m follows from Proposition 1.1.6. In
order to calculate the value of m it is convenient to derive a somewhat simpler
form of (1.1.18): generalising somewhat (1.1.29), suppose that

gij = 0ij +o(r™/?),  with ygi; = O(r—3/?) . (1.1.32)

This choice of powers is motivated by the fact that the power r=3/2 is the
borderline power to be in L?(R3 \ B(0,1)): the function r= with ¢ > 3/2 will
be in L?, while if o = 3/2 it will not. Under (1.1.32) we have

16mm(R) = /S(O o 979" (Okge: — Diger) \/det g dS;

= / (5“ + o(r’l/z)) (6M + 0(7’*1/2)) (Okgei — Digex) /detg dS;
S(0,R) —_— ——
O(r—3/2) 1+o(r—1/2)

= / 5 6% (Okgei — Digex) dSj +o(1)
S(0,R)

so that

1

m=mapy = lim o /S o (Oegei — 0iger) dS. (1.1.33)

This formula is known as the Arnowitt-Deser—Misner (ADM) expression for
the mass of the gravitational field at spatial infinity.

EXERCICE 1.1.8 Check that an identical calculation applies in space-dimension
n > 4 provided that the the decay rates o(r—'/2) and O(r~1/2) in (1.1.32) are
replaced by o(r~=("=2/2) and O(r~("=2)/2),
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Returning to the Schwarzschild metric consider, first, (1.1.13), or — more
generally — metrics which are conformally flat:

9i5 = (1+2¢)0ij = Orgei — Oigee = 2(0ppde; — 0id Oue ) = —40;¢9, (1.1.34)
=3
and (1.1.33) reduces to (1.1.4), as desired. The original form given by the left-

hand-side of (1.1.10) requires some more work. Again generalising somewhat,
we consider general spherically symmetric metrics

g = (r)dr® + x(r)r?dQ? (1.1.35)

with ¢, x differentiable, tending to one as r goes to infinity at rates compatible

with (1.1.32):

o—1=0(r?), x=1=0(r""?), 86=00"""), ox=00""").
(1.1.36)

We need to reexpress the metric in the pseudo-Cartesian coordinate system
associated to the spherical coordinate system (r, 6, ¢):

x=rsinfcosy, y=rsinfsiny, z=rcosf . (1.1.37)
We have
g = ¢dr?+x(dr® 4+ r2dQ?) — x dr?
= X0+ (¢—x)dr?
.
= x5+(¢—x)(§i: —da')?,
so that

(¢ — x)a'a!
9ij = X0ij + - :

The contribution of the first term to the ADM integral (1.1.33) is obtained from
the calculation in (1.1.34), while the second one gives

[@ <(¢_Té>$€$i> P ((qﬁ—;)wew)] ff

)

/ ’ Loy T
= (' =)+ [(0 =00 (B51) —ao =] =
:¢1_Xl
_ salfal 2\ 2l o-x
_(qb—x)( 3 >r_2 —=.

Summing it all up, we obtain the following expression for the ADM mass of a
spherically symmetric metric (1.1.35) satisfying (1.1.36):

1
m = lim / —2r2x" + 2r(¢ — x)) d2S
R—oo 167 S(0,R) ( ( >)
= rhjrolo% (—r*x +71(p—x)) - (1.1.38)

For the original form of the Schwarzschild metric we have y = 1 and ¢ =
1/(1 — 2m/r), yielding again the value m for the ADM mass of g.
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EXERCICE 1.1.9 Derive the n-dimensional equivalent of (1.1.38):

(n — Dw,r"2

1 ) _
m= Tlggo o (=X +o—x) , (1.1.39)
where w,, = 12(7;17722) is the area of a sphere S™1.

As another example of calculation of the ADM mass, consider the Kasner
metrics on {t > 0} x R3:

tg = —dt* + 1P da? + P2 dy? + 17P3d2? (1.1.40)
The metric (1.1.40) is vacuum provided that
p1+P2+p3=p%+p%+p§:1. (1.1.41)

All slices t = const are flat, each of them has thus vanishing ADM mass. This
seems to be extremely counter-intuitive, because the metric is highly dynamical.
In fact, one would be tempted to say that it has infinite kinetic energy: Indeed,
let us calculate the extrinsic curvature tensor of the ¢ = const slices: from
(1.1.30)—(1.1.31a) we have

K = Ving da'dz®
1 .

= Eatgik dz'dz*

= pit?Pr L da? 4 pot?P2 T dy? + pst?PiTldR? (1.1.42)
At each value of t we obtain thus a tensor field with entries which are constant in
space. The problem here is that while the space slices of the Kasner space-time
are asymptotically Euclidean, the space-time metric itself is not asymptotically
flat in any sensible way. This example suggests that a physically meaningful

notion of total mass can only be obtained for metrics which satisfy asymptotic
flatness conditions in a space-time sense.

1.2 Coordinate independence

The next example is due to Denissov and Solovyev [51]: let 0 be the Euclidean
metric on R? and introduce a new coordinate system (p,#, ¢) by changing the
radial variable r to

r=p4cptT, (1.2.1)

with some constants a > 0, ¢ € R. This gives
dr? +12d0? = (14 (1 — a)ep™)%dp? + (1 4+ cp~*)?*p?dQ* .
This is of the form (1.1.35) with

d(p) =1+ 1 —a)p ), xlp)=1+cp >,
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so we can apply (1.1.38):

=X +plo=x) = 2cap T (A+ep ) +p((1+(1—a)ep ) = (1+ep™?)?)
2cap (L4 ep ) +p((L+ep™ —acp™®)? = (L+¢p)?)
2cap T (1+cp ™) + p(—2acp™ (L +cp™®) + a*c*p~*%)

= a’c2pi—2e
It follows that

o1

mapy = lim = (=p*x' + p(é — X))
p—00 2
00 , a<l/2,
= 28, a=1/2, (1.2.2)
0, a>1/2.

Let y° denote the coordinate system associated to the angular variables (p, 6, ©)
by replacing r with p in (1.1.37). Then the exponent « in (1.2.1) dictates the
rate at which the metric components approach d;;:

(sijdxidgjj = gijdyidyj , with gij — 51']' — O(p—a) 7 akgij _ O(p_a_l) .

Note that above we have calculated the ADM mass integral (1.1.33), rather
than the original integral (1.1.18). We have already seen that both integrals
coincide if a@ > 1/2 (compare (1.1.32)), but they do not necessarily do that
for a < 1/2. One can similarly calculate the mass m of (1.1.18) obtaining an
identical conclusion: the mass m of the flat metric in the coordinate system
y' is infinite if @ < 1/2, can have an arbitrary positive value depending upon
c if @« = 1/2, and vanishes for & > 1/2. The lesson of this is that the mass
appears to depend upon the coordinate system chosen, even within the class of
coordinate systems in which the metric tends to a constant coefficients matrix
as r tends to infinity.

The reader will notice that for & = 1/2 the metric does not satisfy the conditions
of Proposition 1.1.6, as the derivatives of g;; in the new coordinate system will
not be in L2. It follows that the conditions of Proposition 1.1.6 are not necessary
for the existence of those limits, though they seem to be very close to be optimal,
since — as shown above — allowing «’s smaller than 1/2 leads to infinite mass
representations for Euclidean space.

EXERCICE 1.2.1 Check that in dimensions n > 3 the coordinate transformation
(1.2.1) leads to

N oo, a<(n—2)/2,
m — lim (n — 1)wna262pn 2 _ (n—1) wpa?c? _ 2) /92
ADM = p—00 167 B 167 y a= (TL - )/ )
0, a>(n-2)/2,
(1.2.3)

so that the borderline decay exponent is now a = (n — 2)/2.

In order to clarify the question of dependence of the mass upon coordi-
nates it is useful to include those coordinate systems explicitly in the notation.
Consider, thus, a pair (g, ¢), where
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1. g is a Riemannian metric on an n—dimensional manifold N, N diffeomor-
phic to R™ \ B(R), where B(R) is a closed ball. N should be thought of
as one of (possible many) “asymptotic ends” of M.

2. ¢ is a coordinate system on the complement of a compact set K of N
such that, in local coordinates ¢'(p) = z* the metric takes the following
form:

gij = 0ij + hij (1.2.4)
with h;; satisfying
8hij
Ok

Vijk bl < clr+1)7%, |2 < c(r+ )7, (1.2.5)

for some constant ¢ € R, where r(z) = (3 (2%)? )V/2.

3. Finally, g;; is uniformly equivalent to the flat metric ¢: there exists a
constant C' such that

VXTER"  CTV) (X <gy X'XT <O (XD (1.2.6)

Such a pair (g, ¢) will be called a—admissible.

We note that (1.2.6) is equivalent to the requirement that all the g;;’s and ¢g*’s are
uniformly bounded: indeed, at any point we can diagonalise g;; using a rotation;
arranging the resulting eigenvalues \; in increasing order we have

A Y (XD S MDA (X2 <A, (X2, (1.2.7)

=gi; X' XJ

where we have used the symbol X i to denote the components of X in the diagonal-
ising frame. Since the X*’s differ from the X"’s by a rotation we have

D=3 (X,

C =max(A\[1,\,) .

In order to prove that uniform boundedness of g;;’s leads to the second inequality
in (1.2.6) we note that in an arbitrary, not necessarily diagonalising, frame we have

leading to

g X' X7 < suplgi;(a)] ) |1XTXT|
i

4,7,

= supgi;(@)| (X)) +. 4+ (X2 4+ Y0 2X°x7] )
s i<y g(xi)2v+(xj)2

(1+ P sup gy X2 -  (X79?)

,7,%

IN

with a similar calculation for g%, leading to (recall that, after diagonalisation, the
largest eigenvalue of ¢ is )\fl)
1 _ n+1 .

suplgij(z)|, At < ——sup|g¥(x)]. (1.2.8)

,7,% 1,7,%

n
An <
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We thus have the following estimate for the constant C' in (1.2.6):
C <C(n) max(sup |9ij($)|7§1j1€ 9" (2)]) - (1.2.9)
To finish the proof of equivalence, we note that (1.2.6) gives directly
lgi;] = 19(95,0;)| < 2\, <2C,  similarly |g7| < 2C . (1.2.10)
We have the following result, we follow the proof in [28]; an independent,

completely different proof, under slightly different conditions, can be found
in [3]:

THEOREM 1.2.2 (Coordinate-independence of the mass [3,28]) Consider two a—
admissible coordinate systems ¢1 and ¢2, with some

a>(n-2)/2, (1.2.11)
and suppose that
R(g) € L*(N) .

Let S(R) be any one-parameter family of differentiable spheres, such thatr(S(R)) =
mingeg(g) 7(x) tends to infinity, as R does. For ¢ = ¢1 and ¢ = ¢o define

. 1

with each of the integrals calculated in the respective local a—admissible coordi-
nates ¢o. Then

m(g7 ¢1) = m(Q) ¢2) :

The example of Denissov and Solovyev presented above shows that the
condition o > (n — 2)/2 in Theorem 1.2.2 is sharp.

Proor: We start with a lemma:

LEMMA 1.2.3 (Asymptotic symmetries of asymptotically Euclidean manifolds)
Let (g, ¢1) and (g, p2) be an and as—admissible, respectively, with any g > 0.
Let ¢ o gb;l : R\ Ky — R™\ K7 be a twice differentiable diffeomorphism, for
some compact sets K1 and Ky C R™. Then there exists a matriz w'; € O(n)
such that, in local coordinates

$ip)=2",  dhp) =y,
the diffeomorphisms ¢1 o ¢2_1 and ¢o o (;51_1 take the form
dy) =y '), Y@ = (e + (),
¢t and 1’ satisfy, for some constant C € R,

Inr(z)+1), a=1,
1 , otherwise,

(@) < Clr(x) + )7, [¢(@)] <

' B . +1) a=1
i < « ‘2 < ? K
i <Clr)+1)7", 'yl < 1 , otherwise,

)
()= ()Y, rly) = ()N,

with o = min(ay, ag, 1).
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PROOF: Let us first note that both (g, ¢1) and (g, ¢2) are a—admissible, so that
we do not have to worry about two constants «; and as. Let gl-lj and gfj be the
representatives of ¢ in local coordinates ¢1 and ¢o:

g = gi;(x)da’da? = g, (y)dyFdy" .

In the proof that follows the letters C, C’, etc., will denote constants which may
vary from line to line, their exact values can be estimated at each step but are
irrelevant for further purposes. Let us write down the equations following from
the transformation properties of the metric

oxF 0zt

gy = gie(w(y))ay« ({Tyj, (1.2.13a)
dy* 0

e = ailoten 2 2 (1.2.13b)

Contracting (1.2.13a) with g%/ (x(y)), where g% denotes the inverse matrix to
gilj, one obtains

ozk ozt

9 (@(y) g (y) = g7 (x(y))gie(x(y))afyi B (1.2.14)

Now, the function appearing on the right-hand-side above is a strictly positive
quadratic form in dz'/dy’, and uniform ellipticity of g}’ gives

oxk i oxF ozt Ox*
-1 = < g9 (z)gh(z(y) = — < C _)?
Y < et g 55 <0 XG0

In order to see this, we let A?; be the tensor field 9z°/dx7; in a frame diagonalising
gij» as in (1.2.7), we have

97 (2(y))gre(x(y) A% A = Z)\ A (A7)
and we conclude with (1.2.8)

Since the function appearing at the left-hand-side of (1.2.14) is uniformly

bounded we obtain
Zy‘%kmc (1.2.15)
g = ¢ 2.

k
Z|ai.| <C. (1.2.16)

Inequalities (1.2.15)—(1.2.16) show that all the derivatives of z(y) and y(x) are
uniformly bounded. Let T'; be the ray joining z and K7, and let yj(z) be the
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image by ¢9 o qs;l of the intersection point of Ky with I';, (if there is more than
one, choose the one which is closest to ). We have, in virtue of (1.2.16),

o) -l = | [ | < 0o,
so that
r(y(z)) < Cr(z)+Cy . (1.2.17)
A similar reasoning shows
r(z(y)) < Cr(y)+Ci . (1.2.18)

Equations (1.2.17) and (1.2.18) can be combined into a single inequality
r(y(x))/C —Cy <r(z) <Cr(y(x)) +Cr . (1.2.19)

This equation shows that any quantity which is' O(r(x)~?) (O(r(y)~?)) is also
O(r(y)~?) (O(r(z)~")), when composed with ¢ 0 ¢ (¢1 0 Py 1).

We continue using the transformation law of the connection coefficients
under changes of coordinates. If we write 1Fijk for the Christoffel symbols of
gilj7 and %I, for those of gfj, Equation (A.4.23) of Appendix (A.4.2) gives

ozt 9?%y° 0x' oyt Oy 5.,
Oy® 0xFdzi | Oy Oxd DxF e (1.2.20)

This can be rewritten as an equation for the second derivatives of y with respect
to x:

iy =

0%yP ovP /1. ozt oyt oY 94
L W, W
Oxkoxi ox' Oy’ OxJ Oxk
. oY1 33/ oYy P
= S T e Tt (1.2.21)

The decay rate of the connection coefficients, and the fact that r(z) is equivalent
to r(y), gives

aQyi Cu
ppmil el . (1.2.22)
In a similar way one establishes
02zt o

An alternative, direct way is to inspect the equation obtained by differentiating
(1.2.13). This involves several terms, so in order to simplify the notations we intro-
duce

. oy P oxt
77 Pad T oy
DAL, oy 9%y’
Oijk =A i9me ox k gmg Oxt Oxidzk’
)
Dijk =B zgflnﬁ a k .

1f(s) = O(s") is used here to denote a function satisfying |f(s)] < C(|s| + 1) for some
positive constant C.
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Differentiating (1.2.13b) with respect to z, taking into account (1.2.5), (1.2.16) and
(1.2.19) leads to
Ciji + Cjir = O(r—*71).

We perform the usual cyclic permutation calculation:
Ciji + Cjir = O(r—o1y.
—Cjki — Crji = O(r—o1y .
Chij + Cikj = O(r~ 1)

Adding the three equations and using the symmetry of Cjj; in the last two indices
yields
Cijk = O(’I’_a_l) .

This equality together with (1.2.15) and the definition of C;;j, gives (1.2.22)

We need a lemma:

LEMMA 1.2.4 Let o > 0 and let f € CL(R™\ B(R)) satisfy
oif =071,

Then there exists a constant foo such that

[=foe=0(0"7).
PRrROOF: Integrating along a ray we have
T1 8‘}(' T1
Flrai) — f(rai) = [ S rmyar = / O Ndr = O(ry?) . (1.2.24)
T2 T2

It follows that the sequence f(i7i) is Cauchy, therefore the limit

foo (1) = Tim f (i)

1— 00

exists. Letting r1 =4 in (1.2.24) and passing with i to infinity we obtain

£@) ~ Dy = 067)

Integrating over an arc of circle I' connecting the vectors r7; and rii; we have

o) = ftri] = | [ ] < swplarir.
where |I'| denotes the Euclidean length of I". Since |I'| < 27r we obtain
|f(riiy) — f(riy)| < 27Cr~7 .
Passing with r to infinity we find
foolM1) = foo(ii1) ,

so that f. is i-independent, as desired. O
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Lemma 1.2.4 shows that the limits

Ay = lim A% (rit)

r—00
sz = lim Blj(Tﬁ) N
r—00

(7 — any vector satisfying >"(n%)? = 1) exist and are n’ independent matrices,
with A = B~!. Define

(@) =y'(x) - Ayl n'(y)=2'(y) - By .
Equation (1.2.23) leads to

T2 62 7t

(rit) n® dr = O(r;®)
T1
for ro > ry. We have A%; = AZ] + (' ;, so that passing with 72 to infinity one
finds '
¢ jlx)=0(r"").

Integrating along rays one obtains

O(rl=), 0<a<l,

(') = {0(1117«) . a=1,

with a similar calculation for 7.
Equations (1.2.5) and (1.2.19) allow us to write (1.2.13) in the following
form

oYk oyF _
A ) 1.2.2
d Dt Dyl 3ij +O(r™) ( 5a)
dzk oxk
- —— = 0 ) 1.2.2
E oy Oy 3ij +O(r™) ( 5b)

Passing to the limit 7 — oo one obtains that AZ] and B’] are rotation matrices,
which finishes the proof. O

Let us return to the proof of Theorem 1.2.2. We start by noting that the
limit in (1.2.12) does not depend upon the family of spheres chosen — this
follows immediately from the identity (1.1.21).

Next, let us show that the integrand of the mass has tensorial properties
under rotations: if y* = W’ jxj , then

oy~ 0y’
9h(@) = Re(@) 55 575 = Ghelwehi o
so that
1 1
agij(?) B 39jj('33) _ 89/%@(0095) wrjwki wej _ Mﬁﬁriwk]‘ wej .
Oz’ Oz oy" oy"

(1.2.26)
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Now, a rotation matrix satisfies
OJTZ‘O.)SZ‘ = 52 , (1.2.27)

so that (1.2.26) can be rewritten as

Ogfj(x)  Ogli(x) 8g]%€(wx)wk'_ agggwx)w,ﬁ'
Oxd oxt Iyt ! oy" !
dgp(wr)  Agf(wa)\ 4
= — i 1.2.2
( dy* ot )" (12:26)

Finally, the surface forms dS; also undergo a rotation:

or? Z@y oy
=1
This, together with (1.2.28) and (1.2.27) leads to

ol dg}
< g”(llf) _ g]J(m)> inl'l/\/\dl‘n

a.Jdazl/\. S Adz" = Wy 0 | (det M) dy*A. . Ady" = wsiaas
Y
———

oxJ ox* oxJ
g2, (wx)  9g3(wz s O n
— ( gkg;e ) _ ggg(/k ))wkiw iaysjdyl/\.../\dy
Agpe(wz)  dgpy(wz)\ 8 1 n

It follows that the mass will not change if a rigid coordinate rotation is per-
formed.

In particular, replacing the coordinate y* by (wil)ijyj will preserve the
mass, and to finish the proof it remains to consider coordinate transformations
such that the matrix w in Lemma 1.2.3 is the identity. We then have

hiy = g5 — 6i = hiz(2(y)) +0"i(y) + 0" 5(y) + O(r~>) (1.2.29)
where
hij = 9i; — i
Therefore
0g5;(y)  9g3;(y) _ Ohi;(x(y))  Ohj;(x(y))
oy? oy’ Oxd oxi
i 37’1 _ 877j —2a—1
+ 53 (W W) F O L (1.2.30)

While integrated over the sphere r(y) = const, the last term in (1.2.30) will
give no contribution in the limit r(y) — oo since 2a+ 1 > n — 1 by hypothesis.
The next to last term in (1.2.30) will give no contribution being the divergence
of an antisymmetric quantity: indeed, we have

i J
a<a”,_a”.) 8.Jd:c1/\.../\d:13” <677 aj Jdac A /\dw”) ,

oxd \ox?)  Ox*) Ox* Oz OxJ

and Stokes’ theorem shows that the integral of that term over S(R) vanishes.
Finally, the first term in (1.2.30) reproduces the ADM mass of the metric g}j.
|
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Chapter 2

Positive energy theorems

In this chapter we will prove positivity of energy under various restrictive con-
ditions — spherical symmetry, axial symmetry, small data, etc. We will also
review several positivity proofs under less restrictive conditions.

2.1 Spherically symmetric positive energy theorem

We suppose that we are given a three-dimensional Riemannian manifold with
a metric with positive scalar curvature; this will be the case if, e.g., the mat-
ter energy density is positive and the trace of the extrinsic curvature tensor
vanishes.

We start with the simplest case possible — that of spherical symmetry.
By definition, the metric is invariant under an effective action of G = SO(3),
with two-dimensional principal orbits. The orbit space M /G is diffeomorphic
to R, or [0,00), or [0,1]. The last case is excluded if we restrict attention to
asymptotically flat manifolds. If M /G = R, we have two asymptotic ends, with
M diffeomorphic to R x §2. (The alternative possibility R x P2, where P? is the
two-dimensional projective space, is excluded by the requirement of existence
of an asymptotically flat region.) The model metric is the space part of the
Schwarzschild metric; in “isotropic coordinates”:

4 n
9= <1 + ;g) <Z(dxi)2> , |zl >0. (2.1.1)

1=1

If M has no boundary, and if M/G = [0, 00) there are two possible topologies:
the first is R3, with the usual action of SO(3) by rotations, the model metric
being the standard flat metric. The second is ([0,00) x S?)/ ~, where the
equivalence relation ~ identifies (0,p), p € S?, with (0, Pp), where P is the
antipodal map from S? into itself. In this case a geodesic segment 7(s) normal to
the orbits of the isometry group of the form, say, v(s) = (s, p) with s decreasing
from one to zero, is smoothly continued by a geodesic segment (s, Pp), with s
now increasing from, say zero to one. A model metric is provided again by
(2.1.1) with |z| > m/2: the reader might wish to check that the set |z| = m/2
is totally geodesic, and that the metric g defines a smooth metric on the quotient
manifold.

23
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If M has a boundary, the only possible asymptotically flat topology is
[0,00) x S2.

One can always use the distance p between the orbits of SO(3) as a coordi-
nate on M. Because there are no non-trivial rotation-invariant vector fields on
52, the metric is then necessarily of the form

g =dp*+ f(p)d?*, (2.1.2)

where d)? is the unit round metric on S2.

It is a common abuse of terminology to say that a hypersurface S is minimal
if the trace of the extrinsic curvature of S vanishes; with this terminology, S
could actually be a maximum, or a saddle point, of the area functional. As an
example, an orbit p = pg is minimal in the metric (2.1.2) if and only if

f'(po) =0
(compare (2.1.7) below). We have the following:

THEOREM 2.1.1 Consider a complete, asymptotically flat, spherically symmet-
ric, boundaryless Riemannian manifold (M, g) with

R(g) >0,

and with ADM mass m. Then
m=>0, (2.1.3)

with equality if and only if M = R® with g — the Fuclidean metric. Further-
more, if M contains a spherically symmetric minimal sphere then (2.1.3) can

be strengthened to
/15|
> 2.1.4
= 167 ( )

where |S,,| denotes the area of the outermost' minimal sphere Sy, = {r =ro}.
Equality in (2.1.4) holds if and only if the metric is the space Schwarzschild
metric (2.1.1) in the region enclosing Sy, .

Equation (2.1.4) is the spherically symmetric case of the Penrose inequality.

REMARK 2.1.2 The case of a complete manifold with a minimal boundary S can
be reduced to the above by doubling M across S; spherical symmetry ensures
that the resulting metric is at least C2, which is enough for the result at hand.
In any case, the proof below works directly when S, is an outermost minimal
boundary.

PROOF: It is convenient to start with a form of the metric that is somewhat
more flexible than (2.1.2):

g = XM ar? 4 20 (d9% + sin® 0d?) . (2.1.5)

!This means that there are no minimal spherically symmetric spheres enclosing Sro-
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The curvature scalar R = R(g) is calculated in Appendix A.7 (see (A.7.19)
there), with the result

R=—4(ye Pt e =7 £ 2(e72 — (4/)2e7 %) . (2.1.6)

Now, by definition, a sphere .S, is minimal if the trace of the extrinsic curvature
tensor of Sy, vanishes. This last trace equals

. 1 .
Di b= 81 V det m ! )
" det gem ( o gem )

where n’ is the field of unit normals to the level sets of r. For the metric (2.1.5)

we have
n'd; = e "o, ,  Vdet ggm = 21 B gin g ,

so that ‘
Dint = e 27 B(27) = 2e7 Py (2.1.7)

It follows that Sy, is minimal if and only if 7/(rg) = 0.

Suppose that there are no spherically symmetric minimal surfaces; this
translates into the property that 4/ has no zeros. On the other hand, sup-
pose that there exists a minimal S,, then there exists an outermost one .S;,
and then 7/ has no zeros for r > ry. We conclude that either globally, or at
least for r > rg, we can choose a new radial variable p so that

" =p. (2.1.8)

The coordinate so defined is often called the area coordinate, since the area of
the spheres r = rq equals 4me??(70) = 47p2

We rewrite the metric in the new coordinate system (p, 6, ¢), and change the
name of the new variable p to r, keeping the old symbol 3 for the new function
[ appearing in the metric. It is convenient to define yet another function m(r)
by the equation

2m(r)

B — 1 _ m(r) = 2(1 — 2Py (2.1.9)

Note that from (2.1.9) we necessarily have

| 3

m(r) < =, (2.1.10)

lon \V]

with equality if and only if S, is minimal by (2.1.7). Further

r>0,

by (2.1.9), with equality possible only if M = R3, and r = 0 corresponding to
the fixed point of the action of SO(3). At the center of symmetry, elementary
considerations show that we have e® = 1, hence m(r) = o(r) for  near zero.
(In fact, one must have m(r) = O(r3) for small r when the metric is C2, but
this is irrelevant for the current considerations.)
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It is remarkable that the seemingly complicated formula (2.1.9) together
with (2.1.6) lead to a very simple form of R:
4m/

R=—3

(2.1.11)

If there are no minimal surfaces we set 19 = inf,cpsr(p), otherwise we let 7
be the value of r corresponding to the outermost minimal surface S,,. Viewing
(2.1.11) as defining the derivative of m, one obtains

m(r) = m(rg) + i /T Rridr . (2.1.12)

Passing to the limit » — oo we therefore conclude that, for R > 0,
1 o
m = m(rg) + 4/ Rr?dr > m(rg) . (2.1.13)
7o

Now, rg > 0 is only possible if there are minimal spheres: this is due to
the fact that in the absence of minimal spheres the function e” is uniformly
bounded on any compact set [rg, 1], so that the geodesics normal to the orbits
of SO(3) reach S;, in a finite distance. For a complete boundaryless manifold
this occurs only if S,, is a totally geodesic P2, hence minimal. Thus, without
minimal spheres we must have ro = 0, but then m(rg) = 0. Further, (2.1.13)
together with R > 0 show that m = 0 if and only if R = 0, then m(r) = 0 by
(2.1.12) for all r, so that § =0, and g is the Euclidean metric, as claimed.

Suppose, finally, that S,, is minimal, Equations (2.1.7)-(2.1.9) show that
this is possible with v(r) = r only if 7o = 2m(ry), so that

|Sro| = 47r1"§ = 1677(171(7“0))2 ,

proving (2.1.4). If equality holds in (2.1.4) then R vanishes, and m(r) =
m(rg) = m for all r € [rg,00) by (2.1.12). We have thus proved that for
r > rg the metric g takes the Schwarzschild form

dr?
g = T om + ’I“QdQ2 s
— 2m
compare (1.1.10), and the argument is complete. a

REMARK 2.1.3 In dimension n, consider a metric of the form
dr?

SV R A T0)

rn—2

+7r%h, (2.1.14)

where k, A € {—1,0,1} and h is a (r—independent) metric with Ricci scalar satisfying
R(h) = k(n — 1)(n — 2). As before, the obstruction to the introduction of this
coordinate system is the existence of minimal surfaces. Vincent Bonini pointed out
to me that Equation (2.1.11) becomes now

(n—1)m/ .

R(g) +Mn(n—1) = (2.1.15)

This leads to mass inequalities, and rigidity statements, as in Theorem 2.1.1, pro-
vided that R(g) + An(n — 1) > 0. This last condition is precisely the positivity
condition for the energy density of matter fields in the presence of a cosmological
constant A = —n(n — 1)A/2.
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2.2 Axi-symmetry

In [14] Brill proved a positive energy theorem for a certain class of maximal,
axi-symmetric initial data sets on R3. Brill’s analysis has been extended in-
dependently by Moncrief (unpublished), Dain (unpublished), and Gibbons and
Holzegel [65] to the following class of metrics:

g =e U120 (dp? 1 d2?) + pPe 2 (dp + pBydp + Andz)* . (2.2.1)

All the functions are assumed to be p—independent.

The above form of the metric, together with Brill’s formula for the mass, are
the starting points of the recent work of Dain [48], who proves an upper bound
for angular momentum in terms of the mass for a class of maximal, vacuum,
axi-symmetric initial data sets with a metric of the form above.

In this section we prove the energy positivity for a class of axi-symmetric
metrics, following [36]. We start by proving that any sufficiently differentiable
axially symmetric metric on a simply connected manifold with a finite number
of asymptotically flat ends can be written in the form (2.2.1). In general the
functions appearing in (2.2.1) will not satisfy the fall-off conditions imposed
in [48,65], but we verify that the proof extends to the more general situation.

It is conceivable that, regardless of simple-connectedness and isotropy sub-
groups conditions, axi-symmetric metrics on manifolds obtained by blowing-up
a finite number of points in a compact manifold can be represented as in (2.2.1),
with the coordinates (p,z) ranging over a subset Q of R? and with identifica-
tions on 02, but this remains to be seen; in any case it is not clear how to
adapt the arguments leading to the mass and angular-momentum inequalities
to such situations.

2.2.1 Axi-symmetric metrics on simply connected asymptoti-
cally flat three dimensional manifolds

Let us start with a general discussion of Riemannian manifolds (M, g) with a
Killing vector n with periodic orbits; without loss of generality we can assume
that the period of principal orbits is 27.

Let M/U(1) denote the collection of the orbits of the group of isometries
generated by n, and let 7 : M — M /U(1) be the canonical projection. An orbit
p € M/U(1) will be called non-degenerate if it is not a point in M. Recall that
near any p € M/U(1) which lifts to an orbit of principal type there exists a
canonical metric ¢ defined as follows: let X,Y € T),(M/U(1)), let p € M be any
point such that 7p = p, and let X , Y € T3M be the unique vectors orthogonal
to 77 such that X = X and m,Y =Y. Then

dX,Y):=g(X,Y). (2.2.2)

(The reader will easily check that the right-hand-side of (2.2.2) is independent
of the choice of p € 771 ({p}).)

There exists an open dense set of the quotient manifold M /U(1) which can,
at least locally, be conveniently modeled on smooth submanifolds (perhaps with
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boundary), say N, of M, which meet orbits of 1 precisely once; these are called
cross-sections of the group action. (For metrics of the form (2.2.1) there actually
exists a global cross-section N, meeting all orbits precisely once.) The manifold
structure of M/U(1) near p is then, by definition, the one arising from N. For

peN:=N\{y=0}
and for X,Y € TpN set

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

(2.2.3)
One easily checks that this coincides with our previous definition of gq.

The advantage of (2.2.3) is that it allows us to read-off properties of ¢
directly from those of g near N. On the other hand, the abstract definition
(2.2.2) makes clear the Riemannian character of ¢, and does not require any
specific transverse submanifold. This allows to use different N’s, adapted to
different problems at hand, to draw conclusions about M /U(1); this freedom
will be made use of in what follows.

Clearly all the information about g is contained in ¢ and in the one-form
field

n=g(,-)
since we can invert (2.2.3) using the formula, valid for any X,Y € T M,

g(n, X)g(n,Y)

, (2.2.4)

where P, : T'M — TN is the projection from T'M to TN along 7. (Recall that
P, is deﬁned as follows: since 7 is transverse to TN every vector X € T'M can
be uniquely written as X = an+Y, where Y € TN then one sets P, X :=Y.)
In order to establish (2.2.4) note, first, that this is only a rewriting of (2.2.3)
when both X and Y are tangent to N. Next, (2.2.4) is an identity if either X
or Y is proportional to n, and the result easily follows

Let 24, A =1, 2 be any local coordinates on N propagate them off N by
requiring that .7 x4 = 0, and let ¢ be a coordinate that vanishes on N and
satisfies £, = 1. Then n = 0, and P,(X"94 + X¥9,) = X494, so that
(2.2.4) can be rewritten as

9 = qap dz?dz® +9(n,n)(dp + Oadz® )* (2.2.5)
q =0

with ~
Dpqan = 004 = 0,(g(n,m)) =0.

2.2.2 Global considerations

So far our considerations were completely general, but local. Suppose, how-
ever, that M is simply connected, with or without boundary, and satisfies the
usual condition that it is the union of a compact set and of a finite number of
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asymptotically flat ends. Then every asymptotic end can be compactified by
adding a point, with the action of U(1) extending to the compactified manifold
in the obvious way. Similarly every boundary component has to be a sphere [72,
Lemma 4.9], which can be filled in by a ball, with the action of U(1) extending in
the obvious way, reducing the analysis of the group action to the boundaryless
case. Existence of asymptotically flat regions implies (see, e.g., [9]) that the set
of fixed points of the action is non-empty. It is then shown in [132] that, after
the addition of a ball to every boundary component if necessary, M is homeo-
morphic to R3, with the action of U(1) conjugate, by a homeomorphism, to the
usual rotations of R3. On the other hand, it is shown in [123] that the actions
are classified, up to smooth conjugation, by topological invariants. It follows
that the action is in fact smoothly conjugate to the usual rotations of R3. In
particular there exists a global cross-section N for the action of U(1) away from
the set of fixed points &7, with N diffeomorphic to an open half-plane, with all
isotropy groups trivial or equal to U(1), and with .27 diffeomorphic to R.2

Somewhat more generally, the above analysis applies whenever M can be
compactified by adding a finite number of points or balls. A nontrivial exam-
ple is provided by manifolds with a finite number of asymptotically flat and
asymptotically cylindrical ends, as is the case for the Cauchy surfaces for the
domain of outer communication of the extreme Kerr solution.

2.2.3 Regularity at the axis

In the coordinates of (2.2.1) the rotation axis

o :={g(n,n) =0}

corresponds to the set p = 0, which for asymptotically flat metrics is never
empty, see, e.g., the proof of Proposition 2.4 in [9].

In order to study the properties of g near o7 /U(1) ~ &7, recall that </ is a
geodesic in M. It is convenient to introduce normal coordinates (£,9, 2) : Z —
R3 defined on an open neighborhood % of .o/, where % is a unit-normalized
affine parameter on &7, and (&,7) are geodesic coordinates on exp((T.e/)"L).
Without loss of generality we can assume that % is invariant under the flow of
n.

As is well known, we have (recalling that orbits of principal type form an
open and dense set of M, as well as our normalization of 2r—periodicity of the
principal orbits)

n= i’ag - Qa@ .
If we denote by ¢; the flow of n, on % the map ¢, is therefore the symmetry
across the axis 7
¢7r<§:7 gv 2) = (_1.7 _@7 é) :
This formula has several useful consequences. First, it follows that the manifold

with boundary
N:={z>0,9=0} C%

I am grateful to Jodo Costa and Allen Hatcher for discussions or comments on the classi-
fication of U(1) actions.
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is a cross-section for the action of U(1) on %. This shows that near zeros of
n the quotient space M/U(1) can be equipped with the structure of a smooth
manifold with boundary. The analysis of the behavior of ¢ near N ~ &
requires some work because of the factor 1/g(n,n) appearing in (2.2.3).

For further use we note that the manifold

N:={j=0}c% (2.2.6)

provides, near <7, a natural doubling of NV across its boundary .
In order to understand the smoothness of ¢ on N and N, we start by con-
sidering the function

f(&,2) == g(n,n)(%,0,2) .
Then f(-2z,2) = f(&, %) because g(n,n) o ¢x = g(n,n). It follows that all odd
x—derivatives of f vanish at £ = 0. It is then standard to show, using Borel’s
summation lemma ( cf., e.g., [30, Proposition C1, Appendix C]), that there
exists a smooth function h(s, 2) such that
f(&,2) = 2°h(32, 2) .
Letting p = /2 + 32, invariance of ¢ under ¢; allows us to conclude that

9(n,m)(&, 3, 2) = g(0,1) (5,0, 2) = p*h(3*, 2) - (2:2.7)
Define ¢ via the equations
i=peosp, §=psng,
so that
n= (995 .
Considerations similar to those leading to (2.2.7) (see Lemma 5.1 of [30]) show

that there exist functions «, (3, v, d, i and ¢35, which are smooth with respect
to the arguments p* and 2,> with

such that
g = g::d3% 4 2apdidp + 28p°didp + ypPdp* + 20p°3dpdd + p(dp* + prdo?)

2 ~2 5 ~2 52A2
= (ng—ﬂup )d,§2+2<a— b >ﬁdédﬁ+(u+’yﬁ2——p>dﬁ2
7 [

-~

q

) 2
up? <d¢ + pdp+ 5d73 ) : (2.2.8)
————

0

We say that N is a doubling of a manifold N across a boundary N if N
consists of two copies of N with points on N identified in the obvious way.
From what has been said, by inspection of (2.2.8) it follows that:

3By this we mean that (s, 2) is a smooth function of its arguments, and enters (2.2.8) in
the form «(p?, 2), ete.
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PROPOSITION 2.2.1 The quotient space M /U(1) has a natural structure of man-
ifold with boundary near &/. The metric q and the one-form 6 are smooth up-

to-boundary, and extend smoothly across o/ by continuity to themselves when
M/U(1) is doubled at <.

For further use we note the formula

g(n,n) =p>+0(p"), (2.2.9)

for small p, which follows from (2.2.8), where p is either the geodesic distance
from .7, or the geodesic distance from .7 on exp((T'.e/)") (the latter being, for
small j, the restriction to exp((T'</)*) of the former).

2.2.4 Asymptotic flatness

We will consider Riemannian manifolds (M, g) with asymptotically flat ends, in
the usual sense that there exists a region Mey, C M diffeomorphic to R?\ B(R),
where B(R) is a coordinate ball of radius R, such that in local coordinates on
Moyt obtained from R3 \ B(R) the metric satisfies the fall-off conditions, for
some k > 1,

gij — 0ij = o (r~1/%) (2.2.10)
hgij € L*(Mext) , (2.2.11)
R'jpe = o(r=/%) | (2.2.12)

where we write f = og(r®) if f satisfies
Oy - O, f =00, 0<L<k.

As shown in Theorem 1.2.2, (2.2.10)-(??) together with R(g) > 0 or R(g) €
L', where R(g) is the Ricci scalar of g, guarantees a well-defined ADM mass
(perhaps infinite). On the other hand, the condition (2.2.12) (which follows
in any case from (2.2.10) for £ > 2) is useful when analyzing the asymptotic
behavior of Killing vector fields.

We will use (2.2.10)-(2.2.12) to construct the coordinate system of (2.2.4),
and also to derive the asymptotic behavior of the fields appearing in (2.2.4).
We start by noting that the arguments of [8, Appendix C] with N = 0 there
show that there exists a rotation matrix w such that in local coordinates on
Myt we have

N =wal + op(r/?) (2.2.13)

where w’; is anti-symmetric. It will be clear from the proof below (see (2.2.24))
that this equation provides the information needed in the region

Py >22, 22 +yP+ 22 >R (2.2.14)

However, near the axis a more precise result is required, and we continue by
constructing new asymptotically flat coordinates which are better adapted to
the problem at hand. The difficulties arise from the need to obtain decay
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estimates on ¢ — 8, where ¢ is the Euclidean metric on R?, and on 0 as defined
in (2.2.8), which are uniform in r up to the axis <.
Let (2') = (#, 9, 2) be coordinates on R?\ B(R), obtained by a rigid rotation
of 2%, such that w';37 = §0; — 29;. Set
j—jogﬁ)ﬂ /g_:goqbﬂ 1 2m

Ti= o, Y= T, 2 o ; Zogpgds. (2.2.15)

Using the techniques in [8,9] one finds
bs(2%) = (cos(s)d —sin(s)j+2% (s, %), sin(s)Z+cos(s)j+ 27 (s, 21), 2+ 2°(s, i) ,

with 2? satisfying

2 = oppa(r'/?) .
We then have
0z 1 [27 02 (¢s(")) 4
- 14— s -1 /2
BE Tor ), 9z B =lHal),
Further,
0z L [2702%(¢s(Y)) —1/2
o: 27 ), ar =),
similarly
g; = ok(r_l/Q).

The estimates for the derivatives of z and y are straightforward, and we conclude

that .
oz’
ot

where, by an abuse of notation, we write again z* for the functions (z,y, 2).

Standard considerations based on the implicit function theorem show that, in-

creasing R if necessary, the z'’s form a coordinate system on R\ B(R) in which

(2.2.10)-(2.2.12) hold. Subsequently, (2.2.13) holds again.

From (2.2.15) one clearly has

5o (r V),

VselR zo¢s =%,
which shows that the planes
Pr={z=71}, 7R, |71|>R,

are invariant under the flow of 7; equivalently,

Moreover,
TOoPr=—T, YoPr=—y, (2.2.16)
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so that all points with coordinates x = y = 0 are fixed points of ¢, and that
these are the only such points in Meyx. Equation (2.2.16) further implies that
¢ maps the surfaces {x = 0} and {y = 0} into themselves. Since ¢, is an
isometry, we obtain

gab(oa Y, Z) = gab(07 -Y, Z) s gzz(oy Y, Z) = gzz(oa -Y, Z) )
gza(ov Y, Z) = *gza(oy -Y, Z) ; (2217)

similarly

gab(l‘) 07 Z) = gab(_$7 O) Z) ) gzz($7 07 Z) - gzz(_xv 07 Z) )
92a(2,0,2) = —gza(—2,0,2) . (2.2.18)

Equation (2.2.17) leads to

a%-‘:—l 82€+1gzz

ay2€+1

B 9% ga- B
(0, 07 Z) =0 s W(O, 07 Z) =0 (2219)

YGab

W(0,0,Z) = 0,

for £ € N (or at least as far as the differentiability of the metric allows). The
analogous implication of (2.2.18) allows us to conclude that

09
oz

agab
ox¢

(0,0,2) =0, (0,0,2) =0, ¢42(0,0,2) =0. (2.2.20)
Incidentally, the last two equations in (2.2.20) show that {x = y = 0} is a
geodesic; this follows in any case from the well-known fact that the set of fixed
points of an isometry is totally geodesic.

Consider a point p lying on the axis of rotation <7, then ¢;(p) = p for all ¢,
in particular ¢.(p) = p. From what has been said we obtain that

A O Mgy C{z =y =0}. (2.2.21)

Recall, again, that every connected component of the axis of rotation & is an
inextendible geodesic in (M, g). Since the set at the right-hand-side of (2.2.21)
is a geodesic ray, we conclude that equality holds in (2.2.21). Hence

7n'(0,0,2) =0 (2.2.22)

and, for |z| > R, the origin is the only point within the plane &2, at which n
vanishes.

We are ready now to pass to the problem at hand, namely an asymptotic
analysis of the fields g(n,7n), ¢ and 0 as in (2.2.5); we start with ¢. For p
sufficiently large the hypersurface {y = 0} is transverse to n (for small p we will
return to this issue shortly) and therefore the coordinates

(¢?) = (2,2)
on this hypersurface, with > 0, can be used as local coordinates on M /U(1).
The contribution of gap to gap is of the form gap = dap + ok(r_l/Q), which
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is manifestly asymptotically flat in the usual sense. Next, from (2.2.10) and
(2.2.13) we obtain

g(n.m) = p* + o (r¥/?) ; (2.2.23)

here, as elsewhere, p? = 22 + 32. Further

gA;?;g’l;;n] deda® = <5Az‘ + ok(r_l/Q)) (wiaxa + ok(rl/Q)) X
<6Bj + ok(r_l/Q)) (wjb:cb + ok(rl/Q))
5 0y(7)
or (r'/?)dzA dz?
p? + ox(r3/2)

dzdz®

: (2.2.24)

because w!,r%w yxbdride? = (xdy — ydr)?, which vanishes when pulled-back to
{y = 0}. In the region (2.2.14) we thus obtain

gap = dap + ox(r~1/%), (2.2.25)

which is the desired estimate. However, near the zeros of n this calculation is
not precise enough to obtain uniform estimates on ¢ and its derivatives.

In fact, it will be seen in the remainder of the proof that we need uniform
estimates for derivatives up to second order. Since g(n,n) vanishes quadratically
at the origin we need uniform control of the numerator of (2.2.24) up to terms
O(p*), in a form which allows the division to be performed without losing
uniformity.

So in the region {p < |z|} N Mext, in which |z| is comparable with r, we
proceed as follows: Let

on®
ab = )\“b(z) . "

= @(07 07 Z) ’ )\ab = gaC(O’ 0’ Z))\Cb ;

note that A%, = w%, + ok,l(\z|_1/2) = w% + ok,l(r_1/2), similarly for A,,. The
Killing equations imply that A, is anti-symmetric, hence

Mz =My =0,  Aay= AN =140, 1(2] V) =1+ 0,1(r?) .
From (2.2.22) we further obtain
o =0 = Vifla=0 = Vip:ly =Vale = Vale =0.
Recall the well known consequence of the Killing equations,
ViVine = R'jene
which implies, at &7,

0=Vu.Vine = 0a07ec , (2.2.26)
0= vavbnz = 8avb77z - Fcaz)\bc = 8a8b772 - 2F0az)\bc . (2227)
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From (2.2.13) we obtain, by integration of third derivatives of 7, along rays
from the origin x = y = 0 within the planes z = const,

8277a —5/2\,.¢c —5/2\,.c
Ry or—3(]#] )z€ = op_3(r—1%)x¢
and then successive such integrations give
Ma -\ =5/2)pcpd _ y —5/2y .c.d
Db~ Nab + op—3([2[7777) 2w = Agp + 03 (r" )z 2?

Na = Aapz” + ok,3(7’75/2)wcxdxe . (2.2.28)
At y = 0 we conclude that
Ny = ok,g(r*5/2)mcxdxe .

Similarly we have V,-ank = Rzijkng, hence V,Vyn® = 9,0,n° = 0 at &7, and
we conclude that
7% = X%a? + op_3(r~°/?)aaac . (2.2.29)

This allows us to prove transversality of 1 to the plane {y = 0}. Indeed, from
(2.2.29) at y = 0 we have

=140 )Nz +o(r™?)a® = (14 o(r~?))x

which has no zeros for z # 0 and r > R if R is large enough. Recall that we have

been assuming that |z| < |z| in the current calculation; however, we already

know that 7 is transverse for |z| > |z|, and transversality follows. Increasing

the value of the radius R defining Mey if necessary, we conclude that {y =

0,2 > 0} N Mext provides a global cross-section for the action of U(1) in Meyt.
Using (2.2.27), a similar analysis of 1, gives

N, =— Tu:|w Mooz + ok_g(r_5/2)azcxdxe .
——
o—1(r=3/2)
We are now ready to return to (2.2.23),
g(n.m) = min' = nan® = p* + op_s(r—>?)a bz | (2.2.30)

where, at y =0,
P2 = GaA\%ex N gz = (1+ ok_l(r_l/Z)):v2 :

it follows that the last equality also holds for g(n,n) with k& — 1 replaced by
k — 3. Instead of (2.2.24) we write

gAinigBjnj deldeB = T]AT]Bda:Ad:UB
g(n.m) (1+ op—3(r=1/2))a?
n2 dz? + 2nen.dx dz + n? dz?
(14 o_3(r=1/2))a2
op_3(r~a?dxAda®
(14 o_3(r=1/2))
= op_s(r Hdatda? . (2.2.31)
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We conclude that (2.2.25) holds throughout {y = 0} N My with k replaced by
k—3.

To analyse the fall-off of B, and A, note first that the discussion in the
paragraph before (2.2.5) shows that it suffices to do this at one single surface
transverse to the flow of the Killing vector field 7; unsurprisingly, we choose

N:={y=0, >0, 22+2>>R?},
with R sufficiently large to guarantee transversality. Next, from (2.2.1) we find
mida’ = g(n,-) = 9(8p,-) = g(n,n)(dp + pBydp + A.dz) ,

which will allow us to relate B, and A, to 7; if we determine, say d;¢ and 0;p
on N. For the sake of clarity of intermediate calculations it is convenient to
denote by z the coordinate z appearing in (2.2.1), we thus seek a coordinate
transformation

(z,y,2) — (p,p,Z), with Z = z everywhere and p = x on N,

which brings the metric to the form (2.2.1), with z there replaced by z. We
wish to show that, on IV,

0. 0. o]
T=| 9 & o [=|0n 0. (2.2.32)
= £ & 0 0 1
dp Oy 0z
The second column is immediate from
ox oy 0z
00+ "0y 070 =0 = 0y = 5200+ 50y + 50

Similarly the third row follows immediately from dz = dz. It seems that the
remaining entries require considering J~!. Now, ¢ is a coordinate that vanishes
on N, so that 0, = 9, = 0 there. From 1'9; = 1 we thus obtain 9, = 1/n".
Next, p =  on N, giving d,p = 1 and 0.p = 0 there. The equation n'd;p = 0
gives then n* + nY9yp = 0, so that dyp = —n*/nY. The derivatives of z are
straightforward, leading to

A O I

Jh=| 92 % % =0 1/" 0
2z 9z 0z 0 0 1
ox Oy Oz

Inverting J ! leads to (2.2.32).
From now on we drop the bar on z. From (2.2.32) one immediately has on
N

A Ne _ 0k—1(r=32) 4 op_3(r=/)a, |z| < |2,
: g(n,n) o (r=3/2), otherwise,

= op_3(r3?). (2.2.33)
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Similarly, again on N,

. 0 me [ oa(r?), el <2l

7 pg(nm) p  wg(n,m) | ox(r7??),  otherwise,

= op_3(r™®?). (2.2.34)
Finally, we note that
o gm) T+ opa(r7Y2) +op_s(r7?)a?, 2] < |2,
€ = 2 )1 —-1/2 .
P + o (r=/%), otherwise,

= 1+op_g(r ?). (2.2.35)

In summary:

PROPOSITION 2.2.2 Under (2.2.10) with k > 3 the metric q is asymptotically
flat. In fact, there exist coordinates (x,y, z) satisfying (2.2.10) and a constant
R > 0 such that the plane {y = 0} N {r > R} is transverse to n except at
x = z = 0 where 1 vanishes and, setting x4 = (x, z) we have

qaB — 4B = op—s(r~'/?) . (2.2.36)
Furthermore (2.2.33)-(2.2.35) hold.

2.2.5 Isothermal coordinates

We will use the same symbol ¢ for the metric on the manifold obtained by
doubling M /U(1) across the axis.
We start by noting the following:

PROPOSITION 2.2.3 Let q be an asymptotically flat metric on R? in the sense
of (2.2.36) with k > 5. Then q has a global representation

q = e (dv? +dw?),  with u — 0. (2.2.37)

v2+w2—o00
In fact, u = oj_4(r=/?).

REMARK 2.2.4 The classical justification of the existence of global isothermal
coordinates proceeds by constructing the coordinate v of (2.2.37) as a solution
of the equation Ayv = 0. A more careful version of the arguments in the spirit
of [162, Lemma 2.3] shows that v has no critical points. However, the approach
here appears to be simpler.

PROOF: Let ap = e 2qap, then § is flat if and only if u satisfies the equation

Agu=——37, (2.2.38)

where R(q) is the scalar curvature of ¢q. For asymptotically flat metrics ¢, with

asymptotically Euclidean coordinates (z, z), this equation always has a solution
such that

1
u+pln(vVa?+2%) — s 0, where p= yp /]R2 R(q)dpg , (2.2.39)

where dji4 is the volume form of q. More precisely, we have the following:
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LEMMA 2.2.5 Consider a metric ¢ on R? satisfying
qaB — dap = og(r~'/?)

for some £ > 2, with (x4) = (x,2). For any continuous function R = 0672(7475/2)
there exists i = 0p_1(r~"/?) and a solution of (2.2.38) such that

u=1u—pln(va?+22),
with p as in (2.2.39).

PROOF: We start by showing that (2.2.38) can be solved for |z| large. Indeed,
consider the sequence v; of solutions of (2.2.38) on the annulus

L(p,p+1i) = D(0,p+1i)\ D(0,p) ,

with zero boundary values. Here p is a constant chosen large enough so that the
functions +C|z|~"/2, with C' = 8||R|x|*/?||L, are sub- and super-solutions of
(2.2.38). Shifting by a constant if necessary, the usual elliptic estimates (com-
pare [29]) show that a subsequence can be chosen which converges, uniformly
on compact sets, to a solution v = Op_1(r~—/2) of (2.2.38) on R?\ D(0, p). In

the notation of [29] we have in fact v € O for any A € (0,1). Furthermore,

1/2,0
using the techniques in [29] one checks that v = op_; (r~1/2).

We extend v in any way to a C*~ 1 function on R?, still denoted by v. Let
4 := e~2%q, then q is flat for |z| > p. Let é” be any §—parallel orthonormal co-
frame on R2\ D(0, p), performing a rigid rotation of the coordinates if necessary
we will have é4 = dz? + Y500 1(|z|7Y/?)dz? for |z| large. Let &4 be any
solutions of the set of equations di* = é4. By the implicit function theorem
the functions &4 cover R? \ D(0, ), for some p, and form a coordinate system
there, in which gag = dap.

Since (2.2.38) is conformally covariant, we have reduced the problem to one
where R has compact support, and ¢ is a C*~1* metric which is flat outside of
a compact set. This will be assumed in what follows.

Let us use the stereographic projection, say 1, to map R? to a sphere, then
(2.2.38) becomes an equation for @ := (u—wv) o~ on S?\ {i®}, where ¥ is the
north pole of S2, of the form

Apti = |z|tf (2.2.40)

where hap = |z|"*qap is a C*~1* metric on S2, similarly f is a C*~2 function
on S? supported away from the north pole. In fact, in a coordinate system

yA =24/ |z)? (2.2.41)

near i = {y4 = 0}, where the 24’s are the explicitly flat coordinates on
R?\ D(0, R) for the metric ¢, we have

hap =daB .
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Let Hy(S?) be the usual L2-type Sobolev space of functions on S? and set

Hy = {x € Hy(S?) | /52 x djsp, = 0} : (2.2.42)

where dpuy, is the measure associated with the metric h. We have

PROPOSITION 2.2.6 Let h be a twice-differentiable metric on S2, then Ay :
Ho — Hy is an isomorphism.

PROOF: Injectivity is straightforward. To show surjectivity, let X C L? be the
image of Ha by Ay, by elliptic estimates X is a closed subspace of L?(S?). Let
¢ € L? be orthogonal to X, then

VX € Ha /sDAhxduh =0.

Thus ¢ is a weak solution of A = 0, by elliptic estimates ¢ € Ha. But setting
x = ¢ and integrating by parts one obtains dyp = 0, hence ¢ is constant, which
shows that X = Hj. O

Returning to the proof of Lemma 2.2.5, we have seen that (2.2.38) can be
reduced to solving the problem

Ayu=f, (2.2.43)

where h is flat outside of a compact set. Let

1 _
=—— duz
2 27_‘_/1\%2.]0 lu’h7

then

/A;L<uln\/1+x2+22)d,uﬁ = limp% D(ln\/1+x2+22)on
R?2 C(0,p)

p—00
= 2mp=— / I dug,
R2

Thus (2.2.43) is equivalent to the following equation for the function u :=

U+ plnyv1+x2 + 22
Aﬁﬁ:f+Ah<uln\/1+$2+Z2) R

and the right-hand-side has vanishing average. Transforming to a problem on
S? as in (2.2.40), we can solve the resulting equation by Proposition 2.2.6.
Transforming back to R2, and shifting u by a constant if necessary, the result
follows. O

Returning to the proof of Proposition 2.2.3, we claim that pu = 0; that is,

/}R2 R(q)dpg=0. (2.2.44)



40 CHAPTER 2. POSITIVE ENERGY THEOREMS

This is the simplest version of the Gauss-Bonnet theorem, we give the proof for
completeness: consider any metric on R? satisfying

qaB —dap = o01(1) , R(q) e L.

Let %, a = 1,2, be an orthonormal co-frame for ¢ obtained by a Gram-—
Schmidt procedure starting from (dz!,dz?), with connection coefficients w%,.
Then w%, = o(r~1). It is well known that, in dimension two,

R(q) dpy = 2dw’s . (2.2.45)

Equation (2.2.44) immediately follows by integration on B(R), using Stokes’
theorem, and passing to the limit R — oo.

To finish the proof, note that the metric § is a complete flat metric on R?,
and the Hadamard—Cartan theorem shows the existence of global manifestly
flat coordinates, say (v, w) so that ¢ can be written as in (2.2.37). O

Returning to the problem at hand, recall that the metric ¢ on R? has been
obtained by doubling M /U(1) across &7. Let us denote by ¢ the corresponding
isometry; note that in My /U(1), in the coordinates (z, z) constructed in Sec-
tion 2.2.4, the isometry ¢ is the symmetry around the z-axis: ¢(z,2) = (—=x, 2).
Similarly, in geodesic coordinates centred on &7, ¢(x, z) = (—=, 2).

As ¢ is an isometry of ¢, preserving the boundary conditions satisfied by u,
uniqueness of solutions of (2.2.38) implies that w o ¢ = w. This, together with
smoothness of u on the doubled manifold, shows that on &7 the gradient Vu
has only components tangential to 7. This implies that o is totally geodesic
both for ¢ and q.

Choose any point p on /. By a shift of (v,w) we can arrange to have
(v(p),w(p)) = (0,0). Let (p, z) be coordinates obtained by a rigid rotation of
(v, w) around the origin so that the vector tangent to &7 at p coincides with 0.
Then the axis {(0,2)}.cr is a geodesic of ¢, sharing a common direction at p
with .7, hence

o ={(0,)}bocr

Since ¢ is an isometry of ¢ which is the identity on 7, it easily follows that
¢>(P7 Z) = (_pa Z) )

so that M/U(1) = {p > 0}. We have thus obtained the representation (2.2.1)
of g.
The reader might have noticed that the function u constructed in this section
is a solution of a Neumann problem with vanishing Neumann data on the axis.
For further use, we note that from (2.2.1), on exp((T.%)') the geodesic
distance p from the origin equals

p=e U021 0%,
and comparing with (2.2.9) we obtain

a(0,2)=0. (2.2.46)
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Now, the function u = o_4(r~*/2) of Proposition 2.2.3 equals u = 2(a —
U) (compare (2.2.1)). By (2.2.46) and an analysis of Taylor expansions as in
Section 2.2.4 we infer that, at {y = 0},

o= op_5(r 3z (2.2.47)
From Proposition 2.2.2 we conclude:

THEOREM 2.2.7 Let k > 5. Any Riemannian metric on R invariant under
rotations around a coordinate axis and satisfying

gij — 6ij = Ok<7"_1/2) (2.2.48)

admits a global representation of the form (2.2.1), with the functions U, o, B,
and A, satisfying

A, =05 3(r 32 By=o0p_3(r™?); U=o0,3(7"?); a=opa(r /?).
(2.2.49)
Furthermore (2.2.47) holds.

REMARK 2.2.8 The decay rate o(r~/2) in (2.2.48) has been tailored to the
requirement of a well-defined ADM mass; the result remains true with decay
rates o(r~%) or O(r~%) for any a € (0,1), with the decay rate carrying over to
the functions appearing in (2.2.1) in the obvious way, as in (2.2.49).

Several asymptotically flat ends

The above considerations generalize to several asymptotically flat ends:

THEOREM 2.2.9 Let k > 5, and consider a simply connected three-dimensional
Riemannian manifold (M, g) which is the union of a compact set and of N
asymptotically flat ends, and let Moyt denote the first such end. If g is invariant
under an action of U(1), then g admits a global representation of the form
(2.2.1), where the coordinates (2, p) cover (RxRT)\{a@;}I¥,, with the punctures
a; = (0,a;) lying on the z-axis, each @; representing “a point at infinity” of the
remaining asymptotically flat regions. The functions U, «, B, and A, satisfy
(2.2.49) in Mexy.
If we set
=Pt a2,

then we have the following asymptotic behavior near each of the punctures

U=2Inr;+ ok,4(7“i1/2) , a= ok,4(ril/2) , (2.2.50)

where f = Og(Til/Q) means that 04, ...0a, f = Og_j(Til/Zij) for 0 < 5 < L
Finally, (2.2.47) holds.

PROOF: As discussed in Section 2.2.2, M is diffeomorphic to R? minus a finite
set of points and, after perfoming a diffeomorphism if necessary, the action of
the group is that by rotations around a coordinate axis of R3. As in the proof of
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Theorem 2.2.7 there exists a function v = op_4(r~/?) so that the metric e~2%q

is flat for |z| large enough in each of the asymptotic regions. Equation (2.2.38)
is then equivalent to the following equation for v — v,

Agrog(u —v) = —¢* (@ + Aqv> : (2.2.51)
where the right-hand-side is compactly supported on M/U(1). Let My /U(1)
be the orbit space associated to the first asymptotically flat region and let v
be any smooth strictly positive function on M /U(1) which coincides with |i] ™4
in each of the remaining asymptotically flat regions of M/U(1), where the y4’s
are the manifestly flat coordinates there, with ¢ equal to one in My /U(1).
Then (2.2.51) is equivalent to

R(q)

Aye—2vg(u —v) = —p e <T + Aqv) . (2.2.52)

Both the metric ©e 2Yq and the source term extend smoothly through the
origins, say ig, 2 = 1,...,N, of each of the local coordinate systems z* :=

y?/]7]2. Simple connectedness of the two-dimensional manifold
N = M/U(1) U {9},

implies that ./~ ~ R?, so that (2.2.52) is an equation to which Lemma 2.2.5
applies. We thus obtain a solution, say w, of (2.2.52), and subsequently a
solution v+w of (2.2.38) which tends to a constant in each of the asymptotically
flat regions (possibly different constants in different ends), except (as will be
seen shortly) in My where it diverges logarithmically. Note that at large
distances in each of the asymptotically flat regions the function w is harmonic
with respect to the Euclidean metric, hence approaches its asymptotic value
as |y|~!, with gradient falling-off one order faster. Similarly v has controlled
asymptotics there, as in the proof of Lemma 2.2.5. Integrating (2.2.38) over
M/U(1) one finds that the coefficient of the logarithmic term is again as in
(2.2.39).

In order to determine that coefficient, we note that since .4 ~ R? there
exists a global orthonormal coframe for g, e.g. obtained by a Gram—Schmidt
procedure from a global trivialization of T*R?. As a starting point for this
procedure one can, and we will do so, use a holonomic basis dz with the
coordinate functions 2z equal to the manifestly flat coordinates in Mey/U(1).
Furthermore, after a rigid rotation of the y*’s if necessary, where the y*’s are
the manifestly flat coordinates for the metric e 2(¥*%)¢ in the asymptotically
flat regions other than Me;/U(1), we can also assume that the dz*’s coincide
with d(y/|7]?) near each 19 By (2.2.45) and by what is said in the paragraph
following that equation we have

N

1 1
w=— R(q)dp, = lim ]{ why .
AT Jaru() ! = =0 21 C(i9,€)
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where the C’(i?,e)’s are circles of radius e centred at the i?’s. Near each i?
the metric ¢ takes the form e2t0)§ 4 pdy?dy® = 20|24 g pdaAda®. The
co-frame 64 is given by 84 = e(t%)|2|~2dz4, leading to

2
why = W(fﬁldﬁ — 22da") + o(|ZF) V) da?
X

so that

lim wlo =41 .

=0Jc(i,e)

We note that we have proved:

PROPOSITION 2.2.10 Let g be a Riemannian metric on a simply connected two-
dimensional manifold which is the union of a compact set and N ends which
are asymptotically flat in the sense of (2.2.56), then

/ q)dpg = 2(N —1) .

g

Since p # 0, the function v + w obtained so far needs to be modified to
get rid of the logarithmic divergence. In order to do that for j = 2,..., N we
construct functions u;, g-harmonic on M/U(1), such that, in coordinates x4
which are manifestly conformally flat in each of the asymptotic regions,

In |Z] + o(1), in Mext/U(1);
uj =14 —In|Z]+ O(1), in the AF coordinates in the j’th asymptotic region;

0(1), in the remaining asymptotic regions.

(2.2.53)

This can be done as follows: let 4; be any smooth function which in local
manifestly conformally flat coordinates both near i? and on My /U(1) equals
In |#|, and which equals one at large distances in the remaining asymptotically
flat regions. Let ¢ be as in (2.2.52), then A —2(v+w), @ is compactly supported
in M/U(1). Further

A —2(v+w) 'EL 1 d'LL —2(v+w)
/M/U(l) pe qJ Pe q

— / Aw672vq'&j d,uwe—%q
M/U(1)

= lim Dn|Z|-n— hm Dn|Z|-n
fimee Je(o,p) C(0:)
=0.

We can therefore invoke Lemma 2.2.5 to conclude that there exists a uniformly
bounded function v, approaching zero as one recedes to infinity in My /U(1),
such that

Aw872(v+w)q/{} - _Aw672(v+w)qu]



44 CHAPTER 2. POSITIVE ENERGY THEOREMS

Subsequently the function u; := 4 + 0 is ¢-harmonic and satisfies (2.2.53).

The function
N

u::v+w+22uj—l—a,
j=2

where « is an appropriately chosen constant (compare [29]), defines the desired
conformal factor approaching one as one tends to infinity in My /U(1) so that
e~?%q is flat. This conformal factor further compactifies each of the asymptotic
infinities except the first one to a point, so that e~2“q extends by continuity to a
flat complete metric on the simply connected manifold .4". By the Hadamard—
Cartan theorem there exists on .4 a global manifestly flat coordinate system
for e=2%q. The axis of rotation can be made to coincide with a coordinate axis
as in the proof of Theorem 2.2.7. It should be clear that the points at infinity
i? lie on that axis.
In order to prove (2.2.50), note that the construction above gives directly.

U—a:u:Ci+21nri+ok_4(ri1/2) ,

Next, U can be determined by applying an inversion

v gz — ) = () = (o /1g1) (2:2.54)
to (2.2.35),
2
et =0 = Gy = (1 oes((7 £ (=) )

= 0 in each of the asymptotic regions,
follows. u

Since « vanishes on the axis (y!)?+ (y2)?
0)

we conclude that C; =0, and (2.2.5

2.2.6 ADM mass
Let m be the ADM mass of g,

) 1
m = lm - /S ! (9ijj — 955.4)d5
where dS; = 0; |(dz Ndy Adz). This has to be calculated in a coordinate system
satisfying (2.2.10). Typically one takes Sg to be a coordinate sphere S(R) of
radius R; however, as is well-known, under (2.2.10) Sr can be taken to be any
piecewise differentiable surface homologous to S(R) such that

inf{r(p)|p € Sk} = R—00 0. (2.2.55)

We will exploit this freedom in our calculation to follow.
We introduce new coordinates x and y so that p and ¢ in (2.2.1) become
the usual polar coordinates on R?:

T=pcosy, y=psinp.
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This implies

pdp = 3d(p?*) = zdzx + ydy
pdp = xdy — ydz
p*de? = dx® + dy? — dp? .

Inserting the above in (2.2.1) one obtains

—2U (g 2 2y, €2 - 1) 2, —2U+2a 7.2
g = e “U(dx*+dy°)+ 5 (xdx + ydy)” +e dz
——— P —_——
dp2+p2dip? p2dp?
+2¢72Y (zdy — ydx) <Bp(xda: + ydy) + Azdz>
+ terms quadratic in (B,, A,). (2.2.56)

This will satisfy (2.2.10) if we assume that
(620‘ — 1)x2 (62CY — Dzy (62CY — 1)y2
p? ’ p? ’ p?
Bpw2, Byzy , prz, Az, Ay = 01(7"*1/2), (2.2.58)

U, = o1(r~ V%), (2.2.57)

consistently with Theorem 2.2.7. Then the terms occurring in the last line of
(2.2.56) will not give any contribution to the mass integral. We rewrite g as

2c

. —2U 2 2 € 2, —2U+2a 7.2
g = e (da® + dy*) + e (zdx + ydy)” +¢e “dz

a (c)
(a) )

+2(zdy — ydx) <Bp(xdx + ydy) + Azdz>

(d)
+o1(r~Y)dz'dx’ . (2.2.59)

Let us denote by x® the variables z,y. As an example, consider the contribution
of (¢) to the mass integrand:

(C) — gzz,zdsz - gzz,idSi = _gzz,adSa = <2(U - a),a + O(T_2)>d8a .
A similar calculation of (a) easily leads to
(a) + (¢) — (4U; + o(r™2))dS; — 2a,4dS, .

The contribution of (b) to the mass integrand looks rather uninviting at first
sight:

(b) — [(62@2_1>7ymy_(62a2_1) y2+€2a2_11:}d51

P P T P
2c 2c 2c
ec*—1 e“* —1 ec*—1
+ [( ) Ty — ( ) 2+ y] ds,
P2 2y p? Y
e 1

[

; ) (@® +y%)ds. .
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Fortunately, things simplify nicely if Sg is chosen to be the boundary of the
solid cylinder
Cri={-R<z<R,0<p<R}. (2.2.60)

Then Sg is the union of the bottom Br = {z = —R, 0 < p < R}, the lid
Lr={2=R, 0<p<R},and the wal W ={—-R<z< R, p=R}. On
the bottom and on the lid we only have a contribution from dS,, which equals

— (20472 + o(r_2))dx Ndy

on the lid, and minus this expression on the bottom. On the wall dS, gives no
contribution, while

dSzlwy, = (dyNdz)lwy, = x|wrdeNdz ,  dSylw, = —(dzAdz)|w, = ylwedeAdz .

Surprisingly, the terms in (b)|w,, containing derivatives of o drop out, leading
to

O)lwr — <2a - 0(1"_2))d<,0 Adz .

We continue with the contribution of B, to (d):

[ \((aﬂ _ y2)Bp> - (22yB,) } dsS, + [ ((372 — y2)3p>7x +(25yB,)., | dS, .
X @) s )

It only contributes on the wall Wg, giving however a zero contribution there:

K (2% — y*) (20 + y0,) + 22y (yd, — ©0y) >BP} de Ndz
(1+(3) @)+(2)
= |@2+y?) (20, — y0:)B, |dp A dz = 0.
—_———
=0

Finally, A, produces the following boundary integrand:

—yd, A,dS, + 20, A.dS, + [ (2, — y0y) A, } ds, |
—_——
=0
and one easily checks that the dS, and dS, terms cancel out when integrated

upon Wg, while giving no contribution on the bottom and the lid.
Collecting all this we obtain

1 a
m = lim —[4 aUdS; + 2 / (o — Z8,0)dpdz
SR WR p

R—oo 167

-2 8ada:dy+2 Badxdy}
BR

1
= lim — / o;(U foz )dS; + = / ozdgodz} .
R—oo 41 2 Wr
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We have the following formula for the Ricci scalar )R of the metric (2.2.1)
(the details of the calculation can be found in [65]):*

1 0o ple 2@

pU?— =% P T B, A2,
(DU) 2 0p + 3 (pBy, )
(2.2.61)

The Laplacian As and the gradient D are taken with respect to the flat metric
§ on R3.

672U+2a 1

1
- (3) — U— = _

Now,
1
hm— / 0;(U a)dS; + = / adcpdz}
R—oo 41 2 Wgr
@ 1 da 1 (R
Rféo[zm/c[ W=3)%2,5 ]dx+4/_Ro‘(’0 0.2)dz

(2.2.62)

The last integral vanishes by (2.2.46). Equations (2.2.61)-(2.2.62) and the dom-
inated convergence theorem yield now

1 1
_ (3) 1 9 _datoU _ 21 2(a—U) 43
m 7167‘(' |: R+ 2P e (po,z Az,p) ]6 d’x
1 2 3
— DU d°zx . 2.2.63
o / (DU)"d’z ( )

Since @R = 16mpu+ K K > 0 for initial data sets satisfying try K = 0, where

w is the energy density (not to be confused with the constant p in (2.2.39)),

this proves positivity of mass for initial data sets as considered above.
Suppose that m = 0 with ¥ R > 0, then (2.2.63) gives

®R=pB,,—A,,=DU=0. (2.2.64)

The last equality implies U = 0, and from (2.2.61) we conclude that

1 da

Asa — — 228 —
o 2p Op

The maximum principle applied on the set

B(R)\{p <1/R}

gives a = 0 after passing to the limit R — oco. The before-last equality in
(2.2.64) shows that the form pB,dp+ A.dz is closed, and simple-connectedness
implies that there exists a function A such that pB,dp + A.dz = d\, bringing
the metric (2.2.1) to the form

“In the time-symmetric case (2.2.61) can be viewed as a PDE for U given the remaining
functions and the matter density. Assuming that this equation can indeed be solved, this
allows us to prescribe freely the functions «, B, and A.. In such a rough analysis there does
not seem to be any constraints on «, B, and A, (in particular they can be chosen to satisfy
(2.2.57)-(2.2.58)), while U, and hence its asymptotic behavior, is determined by (2.2.61).
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dp® + d2% + p?* (d(p + N)* . (2.2.65)

Hence g is flat. Ome could now attempt to analyse ¢ + A near the axis of
rotation to conclude that (p,p + A, z) provide a new global polar coordinate
system, and deduce that g is the Euclidean metric. However, it is simpler to
invoke the Hadamard—Cartan theorem to achieve that conclusion.

Summarizing, we have proved:

THEOREM 2.2.11 Consider a metric of the form (2.2.1) on M = R3, where
(p, ¢, 2) are polar coordinates, with Killing vector 0,, and suppose that the
decay conditions (2.2.57)-(2.2.58) hold. If

R>0
then 0 < m < co. Furthermore, we have m < oo if and only if
3R e LY(RY), DU, pB, . — A, , € L*(R?) .

Finally, m = 0 if and only if g is the Euclidean metric. O

REMARK 2.2.12 Theorem 2.2.7 shows that the coordinates required above exist
for a general asymptotically flat axisymmetric metric on R? if (2.2.10) holds

with £ = 6.

2.2.7 Several asymptotically flat ends

Theorem 2.2.11 proves positivity of mass for axi-symmetric metrics on R3. More
generally, one has the following:

THEOREM 2.2.13 Let (M, g) be a simply connected three dimensional Rieman-
nian manifold which is the union of a compact set and of a finite number of
asymptotic regions M;, i =1,..., N, which are asymptotically flat in the sense
of (2.2.10)-(??) with k > 6. If g is invariant under an action of U(1), and if

SR>0,
then the ADM mass m; of each of the ends M; satisfies 0 < m; < oo, with
m; < 0o if and only if
SR e LY (M) , DU, pB,, — A, , € L*(M;) .

PRrOOF: The result follows immediately from the calculations in this section
together with Theorem 2.2.9: Indeed, one can integrate (2.2.61) on a set

Cr:=Cr\Ciyp={-R<z<R,1/R<p<R},

where Cp is as in (2.2.60). The asymptotics (2.2.50) implies that the boundary
integrals over the boundary of Cy /g give zero contribution in the limit R — oo,
so that (2.2.63) remains valid by the monotone convergence theorem in spite of
the (mildly) singular behavior at the punctures @; of the functions appearing
in the metric. O
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2.2.8 Nondegenerate instantaneous horizons

In order to motivate the boundary conditions in this section, recall that in Weyl
coordinates the Schwarzschild metric takes the form ( cf., e.g., [147, Equa-
tion (20.12)])

4g = —Wsemw 42 4 e=2Usehw p2Jp2 4 ePAsehw (dp? 4 d2?) | (2.2.66)

where

Usehw = Inp—1In (m sin + \/ p2 + m2 sin? é) (2.2.67)

1 )2+ o2 21 2_9
_ Ly (Ve mP AV mP g g 2m ) (2.2.68)
20 |VE=—m2+p2+ /(2 +m)? + p? +2m
1| )2 2 2P
Ny = — L1 [ (e mg o8 9] (2.2.69)
2 TSchw
4 — )2 1 2 21 2
| WETEAVEETEE Ly,
(2m+ V= mP+ 2+ e+ m)? + ?)

In (2.2.67) the angle 6 is a Schwarzschild angular variable, with the relations

2m cos f = \/(z—|—m)2+p2 - \/(z—m)2 T+ 02,
2(TSChW_m): \/(Z+m)2—|—p2—|—\/(z—m)2+p2’
p2 = TSChW(rSChW - 2m) Sin2 0 , 2= (TSChW - m) cos @ 5

where rgchy is the usual Schwarzschild radial variable such that e?Usehw = 1 —
2m/rschw- As is well known, and in any case easily seen, Ugepy is smooth on
R? except on the set {p = 0,—m < z < m}. From (2.2.67) we find, at fixed z
in the interval —m < z < m and for small p,

Usehw (P, 2) = Inp — In(2/(m + 2)(m — 2)) + O(p?) (2.2.71)

(with the error term not uniform in z). This justifies our definition: an interval
[a,b] C o will be said to be a nondegenerate instantaneous horizon if for fixed
z € (a,b) and for small p we have

Ulp,z) =Inp+U(z)+0(1), 0U(p,z) =0mp+dU(z)+o0(1), (2.2.72)

for a smooth function U. As in the Schwarzschild case the function U —
is assumed to be smooth across I. Thus, to compensate for the logarithmic
singularity of U, we further assume, again for fixed z € (a,b) and for small p,
that there exists a function A(z) such that

a(p, 2) = U(p, 2) + Mz) + o(1) . (2.2.73)

Under those conditions the calculation of the mass formula proceeds as follows.
For k=1,...,N let
Ik = [Ck,dk] C A
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be pairwise disjoint intervals at which the nondegenerate instantaneous horizon
boundary conditions hold. Denote by U the function, harmonic on R3 \ Ur Ik,
which is the sum of Schwarzschild potentials Ugeny as in (2.2.68), each with
mass (dj, —cx)/2 and a logarithmic singularity at I. As in [65], the term |DU|?
in (2.2.61) is rewritten as:

IDUJ> = DU — U +0)2 = |D(U — U)? + D; | (2U — U)D’T]‘] .

Denote by I, the set of points which lie a distance less than or equal to € from
the singular set UgI}:

Ic={p | d(p,Upl;) < €} .

By inspection of the calculations so far one finds that (2.2.63) becomes now

1 1

= — (3) - 2 —4da+42U _ 27 2(a-U) 53

" 167 [ R+2’0 ¢ (IOBP,Z Az,p) }e d’x
1 ~ N2 o
+gr | (PU-0))

X2
+ L i [Di(zU —a)— (2U - 0)D'U + a@} nid2§2.2.74)
8T e—0 al. P
In the last line of (2.2.74) the normal n;, taken with respect to the flat metric,

has been chosen to point away from I..
Away from the end points of the intervals Ij, the logarithmic terms in U, U
and « cancel out, leaving a contribution

ig <|Ik|+/lk<i+fa>dz) |

where |Ix| is the length of I}, and where we have denoted by ﬂ the limit at Ug T}
of U —-U,

B(z) := lim (U(p, z) —Ul(p, z)) :

p—0, zeU I

As already pointed out, the error term in (2.2.71) is not uniform in z, and
therefore it is not clear whether or not there will be a separate contribution
from the end points of I to the limit as € tends to zero of the integral over
0I.. Assuming that no such contribution arises®, we conclude that the following
formula for the mass holds:

1 1
_ (3) 1 9 _datoU B 27 2(a—U) 3
L W ey
1 SN2
oo (D(U—U)) &3z

+i§k3 (1m1+ [ k<X+B>dz) . (22.75)

SNote that this assumption, asymptotic flatness, finiteness of the volume integral in
(2.2.74), and the boundary condition (2.2.72) on U essentially enforce the boundary condition
(2.2.73) on a.
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In the Schwarzschild case the volume integrals vanish, ﬂ =0, for z € (—m, m)
the function \ equals

A(z) = _% In [(m _(;Zr(;j m)] ,

and one can check (2.2.75) by a direct calculation of the integral over I;.

2.2.9 Conical singularities

So far we have assumed that the metric is smooth across the rotation axis &7.
However, in some situations this might not be the case. One of the simplest
examples is the occurrence of conical singularities, when the regularity condition
(2.2.46) fails to hold. It is not clear what happens with the construction of the
coordinates (2.2.1) in such a case, and therefore it appears difficult to make
general statements concerning such metrics. Nevertheless, there is at least
one instance where conical singularities occur naturally, namely in the usual
construction of stationary axisymmetric solutions: here one assumes at the
outset that the space-time metric takes a form which reduces to (2.2.1) after
restriction to slices of constant time; and the components of the metric are
then obtained by various integrations starting from a solution of a harmonic
map equation; cf., e.g., [55,117,156].

So consider a metric of the form (2.2.1) on R3\ {@;}, where each punc-
ture @; corresponds to either an asymptotically flat region or to asymptotically
cylindrical regions (which, typically, correspond to degenerate black holes). As-
suming that da is bounded at the axis and does not give any supplementary
contribution at the punctures, (2.2.63) becomes instead

1 1
— (3) - 2 —4da+2U B — A 2 2(a—U) 43
m Tor S [ R+ 1A (pBp,- 2p) ]e d°z
1
— (DU d®x + = / &dz, (2.2.76)
87 JR3\(a;} 4 Jar\(asy

where & denotes the restriction of o to 7.

Using (2.2.76) and (2.2.75), the reader will easily work out a mass formula
when both conical singularities and nondegenerate instantaneous horizons oc-
cur.

2.3 The Bartnik-Witten rigidity theorem

A simple proof of positivity of mass can be given when one assumes that the
Ricci tensor of (M, g) is non-negative:

THEOREM 2.3.1 (“Non-existence of gravitational instantons” (Witten [159], Bartnik [3]))
Let (M, g) be a complete Riemannian manifold with an asymptotically flat end,

in the sense of (1.2.4)-(1.2.5) with decay rate o > (n — 2)/2, and suppose that

the Ricci tensor of g is non-negative definite:

VX  Ric(X,X)>0. (2.3.1)
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Then
0<m< oo,

with m = 0 if and only if (M, g) = (R™,0).
PrOOF: If R(g) ¢ L'(M), the result follows from point 2 of Theorem 1.1.6.
From now on we therefore assume that the Ricci scalar of g is integrable over

M.
We start by deriving the so-called Bochner identity. Suppose that

Af=0, (2.3.2)
set
¢ :=|Df|* =D"fDif .
We have
Ap = D'Dy(D*fDyf)
— 2<DiD’“fD,~Dkf + DFf D'D; Dy f )
——
=D'DyD; f=DpAf+R;7;D; f
- 2(\Hessf|2 + Ric(Df, Df)) . (2.3.3)

This shows that Ap > 0 when (2.3.1) holds.

We shall for simplicity assume that (M, g) has only one asymptotic end,
the general case requires some technicalities which are not interesting from the
point of view of this work. We will use (2.3.3) with f = 3, where 3/* is a solution
of the Laplace equation (2.3.2) with the asymptotic condition

Y —at =0, (2.3.4)

The existence of such functions is plausible, but a complete proof requires some
work, we refer the reader to [3] for details. The results there also show that
the functions y* form an admissible coordinate system, at least for large r, and
Theorem 1.2.2 implies that we can use those coordinates to calculate the mass.
We denote by ¢’ the corresponding ¢ function, ' = | Dy|2.

In the y—coordinate system we have

o' = g" oyt = g™ (no summation over ),
so that
Dkt = g919" = —0pgi + O(r~2*1)  (no summation over 7). (2.3.5)

Integrating (2.3.3) with ¢ replaced by ¢’ over (M, g) one has
DFEQidS), = / Ap' = 2/ (|Hess '] + Ric(Dg', De')) >0,  (2.3.6)
Soo M M

and (2.3.5) gives
— Z/ 8kgudSk > 0. (2.3.7)
i U5
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It remains to relate this to the ADM mass. Since the coordinates 3’ are har-
monic we have
1

0=Ay" = —=0(/det gg"9y’) =
Yy \/mk( et g™ 0y")

1

Ik (1/det gg**
\/(mk( egg)’

so that ,
0 = O (+/det gg™") = —531'937' — Opgri + O(r~ 1729 |

which leads to

1

3
167 S (8zgzk akgzz)dsk 7327_‘_ /SOO 8]gg”d5k = 0 (2 3 8)

by (2.3.7). This establishes non-negativity of m. Now, if the mass vanishes, then
(2.3.6) enforces Hessy® = 0 for all i. It follows that the one forms Y := dy’
are covariantly constant,

DY = Ddy* = Hessy' =0 .

This implies
1

so that the Riemann tensor vanishes. Let M be the universal covering space
of M with the metric obtained by pull-back from the projection map, the
Hadamard-Cartan theorem (see, e.g., [121, Theorem 22, p. 278]) shows that
the exponential map of any point p € M is a global diffeomorphism from M to
R™. It follows that M is a quotient of Euclidean R™ by a subgroup G of the
Euclidean group. The existence of an asymptotically flat region in M, diffeo-
morphic to R™\ B(R), shows that G must be trivial, and the result follows. O

2.4 Small data positive energy theorem

One of the results of Bartnik in [3] is the proof of positivity of energy under the
hypothesis that the space-metric is near the Euclidean one; a closely related
analysis has been previously carried out by Brill and Deser [15]. The result
follows from the striking fact that, for metrics near the flat one, in harmonic
coordinates the L? norm of the derivatives of the metric is estimated by the
mass.

In order to state the result in an optimal form we need to introduce some
notation. Set

o(z) = (1 + |z]2)2 .

The weighted Sobolev space W#4~7 is defined using the following norm:

1fllwa—r = Z (/Rn ]D"f]qg(‘fﬂ')qfndnx)

S

k
(2.4.1)
=0
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To gain some insight into those spaces suppose that f behaves as (or equals)
r® for r > 1, then finiteness of || f||yyx.q,—~ is governed by the finiteness, as R
tends to infinity, of the integrals

R R
/ 7nq(a—i)T(T—l—i)q{(—nrn—ldr _ / Tq(oH_T)_ldT
1 1

[ s (BRI 1), gla+7) £0
In R, otherwise.

It follows that a function such as, e.g., f = (1+7)® will be in W%~ if and only
if @« < —7. So the index 7 governs the decay rate of the functions in W% ~7:
Indeed, for kg > n the weighted Sobolev embeddings proved in [3] show that
any function f € W%~ satisfies f = o(r~7) for large r.

We have the following [3]:

THEOREM 2.4.1 Let ¢ > 3, 7 > 1/2. There exists ¢ = ¢(n,q,7) > 0 such that
for any metric g on R? satisfying

lg = dllw2a-—r <€ (2.4.2)

there exists a global harmonic coordinate system on M. If R(g) € LY(M) or if
R(g) > 0, in any such coordinate system one has

/RB (R(o) + |ag| ) et gdis < 1" (2.4.3)

In particular m > 0 if R(g) > 0, with equality if and only if g;j = 6;j.

REMARK 2.4.2 Readers who do not feel at ease with weighted Sobolev spaces
can, instead of (2.4.2), assume the stronger condition

lgij — 0ij| < er™®,  |Okgij| < er™* Tt |OuOkgis| < erTE, (2.4.4)
with some o > 1/2.

PRrROOF: We start by noting that the weighted Sobolev embedding alluded to
above garantees that the conditions for a well defined mass (perhaps infinite)
are met. Next, it is shown in [3] that if € is small enough, then one can introduce
global harmonic coordinates on R3, with (2.4.2) holding with € replaced by Ce.
Let us write |g| for det g;;. The harmonic coordinate condition 9;(+/|g|g"”) =

0 can be rewritten as
9;In|g| = —2g:1,0;9°% . (2.4.5)

A somewhat lengthy calculation shows that in harmonic coordinates it holds
that
ik ke

1 1 1 , ;
—iAg(IOg l9) = R(g) + — 199 20, 91p0;9eq _igkéaigjkajg ‘. (2.4.6)

=:|0g|2
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Equation (2.4.5) further implies
g 1
Aglng| = g"8;0;In|g| = ~20;00¢"" + 5| Dnlg|[7 .
Inserting into (2.4.6) we obtain

. 1 1 . 1 . .
0iong™ = R(g) + 7IDm gl + 7 6" 9" 6" DigipDi90g —5 90009 059" . (24.7)

—. 2

Similarly to (2.3.8), the integral of the left-hand-side over R™ will give a contri-
bution equal to 167m/3, compare (2.4.5). To finish the proof one needs to do
something with the last term, the sign of which is not clear. This is handled as
follows:

91:00597%0;9" = (gke — 0r0)0ig7* 09" + 0;97°0;9"
= (gue — 0k0)0ig"%0;¢% + 93 (¢7°0; g% — ¢"8;¢"*
J J J
_i_aingajgw

< Celogl? + 0i(g7°0,9" — 9" 0;9"") + %!Dln 9llz -
Now,
0i(97 039" 9" 019" ) = 0:((9" ~0")039" ~(g"~6")059") = 030G 7)) ,
which, after integration, will give a vanishing boundary contribution since 7 >

1/2. The result follows. O

EXERCICE 2.4.3 Check that the argument above applies to asymptotically flat
metrics on R™.

2.5 Schoen and Yau’s positive energy theorem

In [139] Schoen and Yau gave the first general proof of positivity of energy.
There they consider initial data sets on a manifold M which is the union of a
compact set and a finite number of ends M; ~ R3\ B(R;) on which the metric
behaves as

Gij = 52']' + 03(7"_1) , (2.5.1)

where we use the symbol f = Og(r®) if &/ f = O(r®7) for 0 < j < k. The
extrinsic curvature tensor k;; is further assumed to satisfy
Kij=6ij+02(r™ 1), (2.5.2)
but its trace is assumed to fall-off faster:
tr,K = O(r™?) . (2.5.3)

This condition can be removed when, say, vacuum space-times are considered,
by deforming the initial data surface in space-time [5], but this is a restrictive
condition in general.

We then have the following:
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THEOREM 2.5.1 (Schoen and Yau [139]) Under the conditions above, suppose
further that
ilg < R— K[> + (trgK)* = O1(r ™), (2.5.4)

where ‘ - -

J'i=2D;(K"Y —trKg") .
Then the ADM mass of each asymptotic end Ni is non-negative. If one of the
masses is zero and if (2.5.1) is strengthened to

gij = 0ij + Os(r™ 1), (2.5.5)

then the initial data set is vacuum, and (., g) can be isometrically embedded
into Minkowski space-time, with K;; corresponding to the extrinsic curvature
tensor of the embedding.

As emphasised in [138], the proof generalises to asymptotically flat manifolds
of dimension n < 7. The obstruction in higher dimensions arises because of the
singularities of minimal surfaces that arise for n > 8. Christ and Lohkamp
have announced a proof in all dimensions [27], but details have not been made
available by the time of our writing.

2.6 A Lorentzian proof

The positivity results proved so far do not appear to have anything to do with
Lorentzian geometry. In this section, based on [40], we prove energy positivity
using purely Lorentzian techniques, albeit for a rather restricted class of ge-
ometries; it seems that in practice our proof only applies to stationary (with
or without black holes) space-times. This is a much weaker statement than
the theorems in [139, 159] and their various extensions [4, 13,64, 73, 78], but the
proof below is of interest because the techniques involved are completely differ-
ent and of a quite elementary nature. Using arguments rather similar in spirit
to those of the classical singularity theorems [71], the proof here is a very simple
reduction of the problem to the Lorentzian splitting theorem [60].

In lieu of the Lorentzian splitting theorem, one can impose the “generic condition”
[71, p. 101], thereby making the proof completely elementary. However, it is not
clear how “generic” the generic condition is, when, e.g., vacuum equations are
imposed, so it is desirable to have results without that condition.

The approach taken here bares some relation to the Penrose-Sorkin-Woolgar [130]
argument for positivity of mass.

2.6.1 Galloway’s timelike splitting theorem

In Riemannian geometry a line is defined to be a complete geodesic which is
minimising between each pair of its points. A milestone theorem of Cheeger
and Gromoll [25] asserts that a complete Riemannian manifold (M,g), with
non-negative Ricci curvature, which contains a line splits as a metric product

M=RxN, g=dx*+h, (2.6.1)
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where z is a coordinate along the R factor, while A is an (z-independent) com-
plete metric on N. This result is known under the name of Cheeger-Gromoll
splitting theorem.

It turns out that there is a corresponding result in Lorentzian geometry,
with obvious modifications: First, a line is defined by changing “minimising”
to “maximising” in the definition above. Next, in the definition of “splitting”
one replaces (2.6.1) with

M=RxN, g=—dt’ +h, (2.6.2)

where we use now t to denote the coordinate along the R factor. One has the
following;:

THEOREM 2.6.1 Let (A, g) be a space-time satisfying the timelike focusing con-
dition,
Ric(X,X) >0 V X timelike . (2.6.3)

Suppose that A contains a timelike line and either
1. (A, g) is globally hyperbolic, or
2. (M ,q) is timelike geodesically complete.

Then (A, g) splits as in (2.6.2), for some complete metric h on N.

REMARK 2.6.2 The “geodesically complete version” of Theorem 2.6.1 was known
as Yau’s splitting conjecture before its proof by Newman [118]. The globally hy-
perbolic version was proved by Galloway [62]. The result assuming both timelike
geodesic completeness and global hyperbolicity had previously been established by
Eschenburg [56].

2.6.2 The proof of positivity

For m € R, let g,, denote the n + 1 dimensional, n > 3, Schwarzschild metric
with mass parameter m; in isotropic coordinates [127],

4 n _ 2
m n=2 1 —m/2|x|"2 9
m=|1+ — E de? | — | —L=—— ) d*. 2.6.4
g < + 2[w[”—2> (1:1 :UZ) <1+m/2\m|”—2 ( )

We shall say that a metric g on R x (R™\ B(0, R)), R"2 > m/2, is uniformly
Schwarzchildian if, in the coordinates of (2.6.4),

g —gm = o(lmlr=""2) | 8, (g — gm) = o(jm|r~ "V . (2.6.5)

(Here o is meant at fixed g and m, uniformly in ¢ and in angular variables, with
r going to infinity.) It is a flagrant abuse of terminology to allow m = 0 in this
definition, and we will happily abuse; what is meant in this case is that g = go,
ie., gis flat 6, for r > R.

5The asymptotic conditions for the case m = 0 of our theorem are way too strong for a
rigidity statement of real interest, even within a stationary context. So it is fair to say that
our result only excludes m < 0 for stationary space-times.
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Some comments about this notion are in order. First, metrics as above
have constant Trautman-Bondi mass and therefore do not contain gravitational
radiation; one expects such metrics to be stationary if physically reasonable
field equations are imposed. Next, every metric in space-time dimension four
which is stationary, asymptotically flat and vacuum or electro-vacuum in the
asymptotically flat region is uniformly Schwarzschildian there when m # 0 (cf.,
e.g., [143]).

The hypotheses here are compatible with stationary black hole space-times
with non-degenerate Killing horizons.

We say that the matter fields satisfy the timelike convergence condition if
the Ricci tensor Ry, as expressed in terms of the matter energy-momentum
tensor T}, satisfies the condition

R, X" X" >0 for all timelike vectors X*. (2.6.6)

We define the domain of outer communications of .4 as the intersection of
the past J = (Mext) of the asymptotic region Aexy = R x (R™ \ B(0, R)) with its
future J* (Mext)-

We need a version of weak asymptotic simplicity [71] for uniformly Schwarzschildian
spacetimes. We shall say that such a spacetime (.#, g) is weakly asymptotically
regular if every null line starting in the domain of outer communications (DOC)
either crosses an event horizon (if any), or reaches arbitrarily large values of r
in the asymptotically flat region. By definition, a null line in (.#, g) is an inex-
tendible null geodesic that is globally achronal; a timelike line is an inextendible
timelike geodesic, each segment of which is maximal. Finally, we shall say that
the DOC is timelike geodesically regular if every timelike line in .# which is
entirely contained in the DOC, and along which r is bounded, is complete.

The main result in this section is the following:

THEOREM 2.6.3 Let (4™ = #,g) be an (n+1)-dimensional space-time with
matter fields satisfying the timelike convergence condition (2.6.6), and suppose
that A contains a uniformly Schwarzschildian region

Mg =R x (R"\ B(0,R)) . (2.6.7)

Assume that (A ,g) is weakly asymptotically reqular and that the domain of
outer communications is timelike geodesically reqular. If the domain of outer
communications of M has a Cauchy surface .7, the closure of which is the
union of one asymptotic end and of a compact interior region (with a smooth
boundary lying at the intersection of the future and past event horizons, if any),
then

m >0

unless (M , g) isometrically splits as Rx.7 with metric g = —dm*+~, Ly v = 0,
and (&,7y) geodesically complete. Furthermore, the last case does not occur if
event horizons are present.

Before passing to the proof, we note the following Corollary:
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COROLLARY 2.6.4 In addition to the hypotheses of Theorem 2.6.3, assume that
T, € L' R"\ B(O,R)) , 0,0,g=00"), a>1+ g . (2.6.8)
Then m > 0 unless A is the Minkowski space-time.

PrOOF OF THEOREM 2.6.3: The idea is to show that for m < 0 the domain of
outer communications contains a timelike line, and the result then follows from
Galloway’s splitting theorem 2.6.1, Section 2.6.1.

From (2.6.4) and (2.6.5) we have ', = o(|m|r~("~1) except for

Do =T = T = S22 5 + oflmlr=1) (2.6.9)
TY = (5@-% — g — 5ik%j) + o|m|r=(=1) | (2.6.10)

This shows that the Hessian Hessr = Vdr of r is given by

((n— 2)dt? — dr? + r? h) +rh-+ o(r~(=1y | (2.6.11)

Hessr = —
Tn—l

where h is the canonical metric on S~ !, and the size of the error terms refers
to the components of the metric in the coordinates of (2.6.4). Note that when
m < 0, Hessr, when restricted to the hypersurfaces of constant r, is strictly
positive definite for r > Ry, for some sufficiently large R;. Increasing R; if
necessary, we can obtain that 0; is timelike for r > R;. If m = 0 we set R1 = R.
Let p1y denote the points ¢t = £k, & = (0,0, R;); by global hyperbolicity there
exists a maximal future directed timelike geodesic segment o from p_j to pog.
We note, first, that the o’s are obviously contained in the domain of outer
communications and therefore cannot cross the event horizons, if any. If m =0
then oy, clearly cannot enter {r > R;}, since timelike geodesics in that region
are straight lines which never leave that region once they entered. It turns out
that the same occurs for m < 0: suppose that oy enters {r > R;}, then the
function r o o} has a maximum. However, if s is an affine parameter along oy

we have
d*(r o oy,)

ds?
at the maximum if m < 0, since dr(d;) = 0 there, which is impossible. It
follows that all the oy’s (for k sufficiently large) intersect the Cauchy surface
% in the compact set .7 \ {r > R;}. A standard argument shows then that
the 0}’s accumulate to a timelike or null line o through a point p € .. Let
{pr} = o1 NZ; suppose that p € 0.7, then the portions of o to the past of py
accumulate at a generator of the past event horizon Jt (Moxt), and the portions
of o to the future of p; accumulate at a generator of the future event horizon
J- (Meoxt). This would result in o being non-differentiable at p, contradicting
the fact that o is a geodesic. Thus the p,’s stay away from 0., and p € .. By
our “weak asymptotic regularity” hypothesis o cannot be null (as it does not
cross the event horizons, nor does it extend arbitrarily far into the asymptotic
region). It follows that o is a timelike line in .# entirely contained in the
globally hyperbolic domain of outer communications 2, with r o ¢ bounded,

= Hessr(dy, %) > 0
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and hence is complete by the assumed timelike geodesic regularity of 2. Thus,
one may apply Galloway’s splitting theorem 2.6.1 to conclude that (Z,g|g) is
a metric product,

g=—dr’ 4+, (2.6.12)

for some T7—independent complete Riemannian metric v. The completeness of
this metric product implies ¥ = .# (and in particular excludes the existence
of event horizons). O

PrROOF OF COROLLARY 2.6.4: The vector field 0, is a static Killing vector
in Aext, and the usual analysis of groups of isometries of asymptotically flat
space-times shows that the metric v in (2.6.12) is asymptotically flat.

The lapse function N associated with a Killing vector field on a totally
geodesic hypersurface . with induced metric v and unit normal n satisfies the
elliptic equation

A N —Ric(n,n)N =0.

From (2.6.12) we have N = 1 hence Ric(n,n) = 0, and the Komar mass of
. vanishes. By a theorem of Beig [6] (originally proved in dimension four,
but the result generalises to any dimensions under (2.6.8)) this implies the
vanishing of the ADM mass. Let e;, a = 0,...,n, be an orthonormal frame
with eg = 0r. The metric product structure implies that Ry; = 0. Thus, by the
energy condition, for any fixed i we have

0 < Ric(eo + €;,e0 + €;) = Roo + Rii = Ry; .

But again by the product structure, the components R;; of the space-time Ricci
tensor equal those of the Ricci tensor Rice of . It follows that Rice > 0.
A generalisation by Bartnik [3] of an argument of Witten [159] shows that
(.7,7) is isometric to Euclidean space, see Section 2.3; we repeat the proof
in a nutshell here, to make clear its elementary character: Let 3° be global
harmonic functions forming an asymptotically rectangular coordinate system
near infinity. Let K* = Vy’; then by Bochner’s formula,

A|K']? = 2|VK'|> + 2Ric» (K', K') .

Integrating the sum over ¢ = 1,...,n of this gives the ADM mass as boundary
term at infinity. But this mass is zero, so we conclude that the Vy'’s are all
parallel. Since . is simply connected at infinity, it must be Euclidean space.
O

We close this section by showing that the conditions on geodesics in Theo-
rem 2.6.3 are always satisfied in stationary domains of outer communications.

PROPOSITION 2.6.5 Let the domain of outer communications 9 of (M ,g) be
globally hyperbolic, with a Cauchy surface ./ such that .7 is the union of a finite
number of asymptotically flat regions and of a compact set (with a boundary
lying at the intersection of the future and past event horizons, if any). Suppose
that there exists on M o Killing vector field X with complete orbits which is
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timelike, or stationary-rotating’ in the asymptotically flat regions. Then the
weak asymptotic reqularity and the timelike regularity conditions hold.

REMARK 2.6.6 We note that there might exist maximally extended null geodesics
in (2, g) which are trapped in space within a compact set (as happens for the
Schwarzschild metric), but those geodesics will not be achronal.

PROOF: By [46, Propositions 4.1 and 4.2] we have 2 = R x ., with the flow
of X consisting of translations along the R axis:

g=odr*+2Bdr+~, X=0,, (2.6.13)

where 7 is a Riemannian metric on . and 3 is a one-form on .. (We emphasise
that we do not assume X to be timelike, so that o = g(X, X) can change sign.)
Let ¢4 denote the flow of X and let o(s) = (7(s),p(s)) € R x .# be an affinely
parameterized causal line in &, then for each t € R the curve ¢i(o(s)) =
(1(s) +t,p(s)) is also an affinely parameterized causal line in 2. Suppose that
there exists a sequence s; such that p(s;) — 0.7, setting t; = —7(s;) we have
T(¢¢,(0(s;i)) = 0, then the points {pg, } = ¢¢,(0) N accumulate at 0.7, which
is not possible as in the proof of Theorem 2.6.3. Therefore there exists an open
neighborhood % of 0.7 such that o N (R x 2#°) = (). This implies in turn that
o meets all the level sets of 7. Standard considerations using the fact that
2 is a stationary, or stationary-rotating domain of outer communications (cf.,
e.g., [46]) show that for every p,q € . there exists T > 0 and a timelike curve
from (0,p) to (T,q). The constant 7' can be chosen independently of p and ¢
within the compact set . \ (# U {r > R1}), with Ry = sup, r. It follows that
an inextendible null geodesic which is bounded in space within a compact set
cannot be achronal, so that ¢ has to reach arbitrarily large values of r, and
weak asymptotic regularity follows. Similarly, if o is a timelike line bounded
in space within a compact set, then there exists s; > 0 such that for any point
(7(s),p(s)) with s = s1 + u, u > 0 one can find a timelike curve from (0, p(0))
to (7(s),p(s)) by going to the asymptotic region, staying there for a time u,
and coming back. The resulting curve will have Lorentzian length larger than
u/2 if one went sufficiently far into the asymptotic region, and since o is length-
maximising it must be complete. O

The key point in the proof of Proposition 2.6.5 is non-existence of observer
horizons contained in the DOC. Somewhat more generally, we have the following
result, which does not assume existence of a Killing vector:

PROPOSITION 2.6.7 Suppose that causal lines o, with r o o bounded, and which
are contained entirely in &, do not have observer horizons extending to the
asymptotic region Mext (see (2.6.7)):

JE(0; D) N Mo = 0 . (2.6.14)

Then the weak asymptotic regularity and the timelike reqularity conditions hold.

"See [46] for the definition.
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PRrOOF: It follows from (2.6.14) that for any w > 0 and for any s; there exists
s and a timelike curve I'y, 5, from o(s1) to o(s2) which is obtained by following
a timelike curve from o(s;) to the asymptotic region, then staying there at
fixed space coordinate for a coordinate time u, and returning back to ¢ along
a timelike curve. One concludes as in the proof of Proposition 2.6.5. O



Part 11

An introduction to black holes
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Chapter 3

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 [152].

e The “optical” ones — the black-hole counterparts arising in the theory of
moving dielectric media, or in non-linear electrodynamics [93,120].

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

(An even longer list of models and submodels can be found in [2].) In this
work we shall discuss various aspects of the above. The reader is referred to
[16,50,77,84,128,153] 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.

3.1 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 [23] for an excellent concise review of the
history of the concept of a black hole, and to [22,83] 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., [23]), and it still remains a strong one. Table 3.12 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 candidates,
as well as references, can be found in [104, 116]; a very readable overview of the
observations can be found in [112]. 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 peri-
ods, 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 inter-
preted as thermonuclear explosions on a neutron star’s hard surface). The final
selection criterion is that of the mass M, exceeding the Chandrasekhar limit
Mc =~ 3 solar masses Mg.3 According to the authors of [23], the strongest
black hole candidate in 1999 was V404 Cygni, which belongs to the LMXB
class.  Table 3.1 should be put into perspective by realizing that, by some
estimates [98], a typical galaxy — such as ours — should harbour 107 — 108 stellar
black mass holes. We note an interesting proposal, put forward in [24], to carry
out observations by gravitational microlensing of some 20 000 stellar mass black
holes that are predicted [106] to cluster within 0.7 pc of Sgr A* (the centre of
our galaxy).

>The recent review [116] lists thirteen black hole candidates.
3See [104] for a discussion and references concerning the value of Mc.
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Table 3.1: Stellar mass black hole candidates (from [98])

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 45-6.5 ~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 3.2: Twenty-nine supermassive black hole candidates (from [88,105])

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 pow-
ered by accretion onto massive black holes [100, 160]. 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 [99,134]. 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'° solar masses. Table 3.2% lists some
supermassive black hole candidates; some other candidates, as well as precise
references, can be found in [88,104,105,133]. 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 [110] for a discussion of the maser emission lines and their analy-
sis for the supermassive black hole candidate NGC 4258. An example of mea-
surements via gas spectrography is given by the analysis of the Hubble Space

Spectrum of Gas Disk in Active Galaxy M87

Approaching

Receding

Hubble Space Telescope « Faint Object Spectrograph

Figure 3.1: 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) [146].

Telescope (HST) observations of the radio galaxy M 87 [151] (compare [100]):
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. 3.1) 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

“The table lists those galaxies which are listed both in [105] and [88]; we note that some
candidates from earlier lists [133] do not occur any more in [88,105]. Nineteen of the obser-
vations listed have been published in 2000 or 2001.
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920 km s~! . This leads to a mass of the central object of ~ 3 x 10° M,
and no form of matter can occupy such a small region except for a black hole.
Figure 3.2 shows another image, reconstructed out of HST observations, of a
recent candidate for a supermassive black hole — the (active) galactic nucleus
of NGC 4438 [86].

Active Galaxy NGC 4438
Hubble Space Telescope « WFPC2

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

Figure 3.2: Hubble Space Telescope observations [86] of the nucleus of the
galaxy NGC 4438, from the STScI Public Archive [146].
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To close the discussion of Table 3.2, 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 3.3.
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Galactic Center Grgu 1995-2006

Figure 3.3: 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 [88,105,134] that the two most convincing
supermassive 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 [101].

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 [161].

Let us close this section by pointing out the review paper [19] which discusses
both theoretical and experimental issues concerning primordial black holes.

3.2 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? (3.2.1)
Vi=l1-2m teR, re(2m,00).

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?
Rapys RO = =, (323)

r

which shows that the geometry is singular there.

One of the first features one notices is that the metric (3.2.1) 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
Now,
1 r r—2m+2m 2m
f 1-22  r—2m r—2m +T—2m’ (3.2:5)
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leading to
v=t+r+2mln(r—2m).

This brings g to the form

2
g=—(1- Tm)dUQ + 2dvdr + r2d02 . (3.2.6)
We have det g = —r*sin? @, with all coefficients of g smooth, which shows that

g is a well defined Lorentzian metric on the set
veR, re(0,00). (3.2.7)

More precisely, (3.2.6)-(3.2.7) is an analytic extension of the original space-time
(3.2.1).

It is easily seen that the region {r < 2m} for the metric (3.2.6) is a black
hole region, in the sense that

observers, or signals, can enter this region, but can never leave it.  (3.2.8)

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, y(s) =
(v(s),7(s),0(s),¢(s)) be such a timelike curve, for the metric (3.2.6) the time-
likeness condition g(%,) < 0 reads

2 )
—(1- Tm)izQ + 207 + r2(62 + sin® ¢?) < 0 .
This implies
) 2m. . .
v(—(1—7)v+27«) <0. (3.2.9)

It follows that v does not change sign on a timelike curve.

Here a discussion of time orientation is in order: In the region r» > 2m, where
both v and ¢ are defined, the usual choice of time orientation corresponds to
t > 0 on future directed causal curves. This implies © > 0 on the causal curves
r = const there by (3.2.4). This time orientation is propagated to r < 2m using
causal curves which enter from r > 2m to r < 2m, leading to the condition
© > 0 on such curves, keeping in mind that we have just seen that v cannot
change sign on causal curves. But then the condition ¥ > 0 holds on future
directed causal curves by definition of time orientation, regardless of whether
or not the curve under consideration entered from the region r > 2m.

Returning to (3.2.9), we obtain

2m
—(1——)0+2r<0.
r
For r < 2m the first term is non-negative, which enforces r < 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
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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}.

From (3.2.6) one easily finds the inverse metric:

2
9" 0,0, = 20,0, + (1 — Tm)a,? + 7203 + 7 2 sin 2002 (3.2.10)

In particular
0=g""=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, 7,0, ).
We also have

g(Vr’ Vr) = gTT =1- 7 s (3211)

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 (3.2.11), which shows that r is a time function in {r < 2m}.

3.2.1 The Kruskal-Szekeres extension

The transition from (3.2.1) to (3.2.6) 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 (3.2.1) a maximal analytic extension has been found
independently by Kruskal [89], Szekeres [149], and Fronsdal [59]; for some ob-
scure reason Fronsdal is almost never mentioned in this context. This extension
is visualised® in Figure 3.4. The region I there corresponds to the space-time
(3.2.1), while the extension just constructed corresponds to the regions I and
11.

The general construction, for spherically symmetric metrics, proceeds as
follows: we introduce another coordinate u defined by changing a sign in (3.2.4)

u=t—f(r), f'= % , (3.2.12)

°T am grateful to J.-P. Nicolas for allowing me to use his electronic figures [119)].



3.2. THE SCHWARZSCHILD SOLUTION AND ITS EXTENSIONS 75

Singularity (r = 0)
gularity (r = 0) T

r=2M

r = constant < 2M

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

t = constant

Figure 3.4: The Kruskal-Szekeres extension of the Schwarzschild solution.

leading to

u—t—r—2mln<r_2m> .
2m

We could now replace (¢,7) by (u,r), obtaining an extension of the exterior
region I of Figure 3.4 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 (t,7) by (u,v). We note that

1 1
Vdu=Vdt— Vdr, Vdv:th—i—Vdr,

which gives

v
Vdt =

1 V
E(du—l—dv) , Vdr = g(dv —du) .

Inserting this into (3.2.1) brings g to the form
g = VP +V72dr® +r?d0?

2

= %( — (du + dv)* + (du — dv)Q) + r2dQ?

= —V3dudv+r?dQ*. (3.2.13)

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

U = —exp(—cu), ©=exp(cv), (3.2.14)
with an appropriately chosen c: since

diu = cexp(—cu)du, dv = cexp(cv)dv
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we obtain
V2
Vidudv = ] exp(—c(—u + v))da dv
2

Vv R
= 3 exp(—2cf(r))dudov .
In the Schwarzschild case this reads
V2 r—2m r—2m
=] exp(2¢cf(r)) = a2, ©XP <—2C <r +2mln ( o >)>
-2 -2
= M(T—Qm)exp <—4mcln <7“ m>> ,
2m

c2r

and with the choice
dme =1

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

@ = —exp(—cu) = —exp(i=) /122 (3.2.15)
b = exp(cv) = exp(5th), /5522 (3.2.16)

with g taking the form

g = —V?dudv+ r?dQ>
3 _r
_ 8mexpCam) g g 4 2a02 | (3.2.17)
"

Here r should be viewed as a function of 4 and ¢ defined implicitly by the

equation
-2
i = exp (#) (’"2mm) . (3.2.18)
::v(r)
Indeed, we have
r ! r r
(exp(%)(r — 2m)> =5 exp(%) >0,

which shows that the function G defined at the right-hand-side of (3.2.18) 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~!(—®) solving (3.2.18) on the
set uv € (—oo,2m).

We have detg = —%rz sin? @, with all coefficients of g smooth, which
shows that (3.2.17) defines a smooth Lorentzian metric on the set

a, eR, r>0. (3.2.19)
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This is the Kruszkal-Szekeres extension of the original space-time (3.2.1). Fig-
ure 3.4 gives a representation of the extended space-time in coordinates

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

Since (3.2.3) shows that the so-called Kretschmann scalar ROZBW;R‘M”‘S diverges
as 7% 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 3.4:

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

(X2 —T?)|p—g = —tb]p—0=1>0.

2. More generally, the sets = const are hyperboloids X? — T? = const’,
which are timelike in the regions I and II] (since X2 — T2 < 0 there),
and which are spacelike in the regions I and I'V.

3. 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 3.4 respects our implicit convention of representing time
along the vertical axis and space along the horizontal one.

4. The map
(4,0) — (=10, —0)
is clearly an isometry, so that the region [ is isometric to region 111, and
region I7 is isometric to region I'V. In particular the extended manifold

has two asymptotically flat regions, the original region I, and region I1]
which is an identical copy I.

5. The hypersurface ¢ = 0 from the region I corresponds to & = —v > 0,
equivalently it is the subset X > 0 of the hypersurface T = 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 ¢ = 0:

dr?

7= om
I8

+7r2dQ%, r>2m.

A convenient coordinate p is given by

p=V12—4m? <= r=/p?+4m?.

This brings + to the form

dp® + (p* + 4m?)dQ? | (3.2.20)

= (1+ )
v p2+4m2
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which can be smoothly continued from the original range p > 0 to p € R.
Equation (3.2.20) further exhibits explicitly asymptotic flatness of both
asymptotic regions p — oo and p — —o0o. Indeed,

gNdp2+p2dQ2

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

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

o0t 00
K = at - Eaﬁ + 58@
= —ad, + 90y . (3.2.21)

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 (3.2.21).

We note that K is tangent to the level sets of @ or v at uo = 0, and
therefore is null there. Moreover, it vanishes at the sphere & = 0 = 0,
which is called the bifurcation surface of a bifurcate Killing horizon. The
justification of this last terminology should be clear from Figure 3.4. Quite
generally, a null hypersurface to which a Killing vector is tangent, and null
there, is called a Killing horizon. Therefore the union {4 = 0} of the
black hole horizon {@ = 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 (3.2.21), are rather
reminiscent of what happens when considering the Killing vector t0, +x0;
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, (3.2.3) shows that the Kretschmann scalar Ragm;Ro‘ﬁ'y‘; 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 (3.2.1) admits an infinite number of non-isometric vacuum extensions,
even in the class of maximal, 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 .# \ 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 7y either complete, or with the curvature
scalar RQM(;R“M‘; diverging along v in finite affine time.
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3.2.2 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) , 3.2.22
r r< —1—27: ( )

with a little work one obtains

LA i:(d iy2 L—m/20e]\* (3.2.23)
= —_ x — | —— 2.
Im 2] ) \ & 1+ m/2/z| ’
where 2% are coordinates on R? with |z| = #. 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 [66,92,124]: Starting from the standard coordinate sys-
tem of (3.2.1) one introduces a new time 7 via the equation

2 2
t=17—2r4f Z 4 4m arctanh (\ / m) , (3.2.24)
T r

2m/r
1—2m/r

so that

dt = dr — dr .

This leads to

2 2
g=- {1—”‘] dr? + 24/ =2 dr dr + dr® + 12 [d6> + sin® 0d¢?]
T

r

or, passing from spherical to standard coordinates,

2 2
g = - [1 - m] dr® + 24 2 dr dr + da? + dy* +dz* . (3.2.25)
r r

(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 [96, 147]

o THM o 2 1092
dt® + ——dr* + (7 + m)“dQ* . (3.2.26)

T+ m F—m

T —m

g==-

This is clearly obtained by replacing r with 7 = r —m in (3.2.1).
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In order to verify the harmonic character of the coordinates associated with (3.2.26),
consider a general spherically symmetric static metric of the form

g = —e2dt® + e¥Bdr? + 27r2d0?

= —®dt? + PPdr? + ¥V (6 ;datda? — dr?)

xixd
2

= —e¥dt? + (ez”’éij + (€% — ) )d:cidxj , (3.2.27)

where «, § and 7 depend only upon r. We need to calculate

1 1
Oz = ———=0,,(1/| det g|g"" D, z%) =

V| det g V| det g

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

du (/| det glgh®) .

1 1
I:'gt = 76#( |detg|g#0) =

V| detg| /| det g

as nothing depends upon ¢. For O,z we have to calculate /| det g| and ¢g"”. For
the latter, it is clear that ¢°° = —e~2%, while by symmetry considerations we must
have

9¢(v/| det glg”) =0,

i
ij _ —27((5”‘ Tz )
g7 =e +X—5 )

for a function x to be determined. The equation

& = ¢gui =g g = e (5jk + Xm:aifk) (62751“' +(e* — 37)%)
= Sl4e ™ <X€27 e ey (2P 627)> x;;r]
= 65 +e 2 (ew —e? xezﬁ> ;z::;cj
gives y = €200~ — 1 and finally
z'z!

ij _ —2vsij -2 -2
9 = e (7 )

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 (3.2.27) reads, in space-time
dimension n + 1,

—e2* 0 0 0
0 ¥ 0 0
g= 0 0 e 0
0 0 0
0 0 0 ey
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 )= 6a+ﬁ+(n—1)7(e—2ﬁ _ 6—27) )
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We then have

Videt g|0gz’ = 0,(y/|det glg"") = 0;(v/| det g|g”")

. - Loed
- aj(eaﬂ#(nfd)w §i 4 eatBHn=1)y(g=28 _ o=27) ﬂ))

r2
¢ ¥
xt i n—1 z
= (¢/+w/)7+w8j< 5 ):<¢/+wl+u¢)i_
r r r r
(3.2.28)
For the metric (3.2.26) we have
eQa:T_‘__m, f=—-a, e2i?=(7+m)?,
F+m
so that
F+m)?  F—m m?
=1 — 27 2(1_1:(7’ 1=
o=1, v=€Txe 2 Ftm 72

and if n = 3 we obtain Oyz# = 0, as desired.
More generally, consider the Schwarzschild metric in any dimension n > 3,

2 dr?
P— (1 - ran) dt? + 1%,” +r2d0? (3.2.29)

rn—2

where, as usual, dQ2? is the round unit metric on S™ 1. In order to avoid confusion
we keep the symbol r for the coordinate appearing in (3.2.29), and rewrite (3.2.27)
as

g = —dt* + 2P dr? + 72d0? (3.2.30)

It follows from (3.2.28) that the harmonicity condition reads

. d(¢d‘; ¢) (n; D, — d(¢d+7; ) (n; D gt é) W%Lﬁ . (3231)
Equivalently,
an—1
w = (n—1)"25. (3.2.32)

Transforming r to 7 in (3.2.55) and comparing with (3.2.30) we find

e 1 2m ﬁ:e*adr

il Y —
g2 © & °

>3

Note that ¢ + ¢ = e*~#+("=17; chasing through the definitions one obtains ¢ =
n—3
dr <£> , leading eventually to the following form of (3.2.32)

A1 2 -

Introducing = 1/r, one obtains an equation with a Fuchsian singularity at = 0:

R
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The characteristic exponents are —1 and n — 1 so that, after matching a few lead-
ing coeflicients, the standard theory of such equations provides solutions with the
behavior

P m { m727"*31n7"—|—0(7"’51n7”), n =4;

(n—2)rn=3 O(rd=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 (3.2.29), higher dimensional counterparts of metrics
(3.2.1) have been found by Tangherlini [150]. In space-time dimension n + 1,
the metrics take the form (3.2.1) with

2m
2 _
V —_— 1 - Wj 9 (3.2.33)
and with dQ? — 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 3.8
except for the replacement 2M — (2M)Y/("=2) there.

REMARK 3.2.1 For further reference we present a general construction of Walker [154].

We summarise the calculations already done: the starting point is a metric of the
form

g=—Fdt* + F~'dr? + h, (3.2.34)

with F' = F(r), where h is a metric on an (n — 2)-dimensional manifold (it is
convenient to write F' 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
1
u=t—f(r), v=t+ f(r), ,_F’ (3.2.35)
@ = —exp(—cu), ©=exp(cw), (3.2.36)
one is led to the following form of the metric
F
9="2 exp(—2cf(r))dado+h . (3.2.37)

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

F(r) - Fro) = / ilUG SR ") gt — (r — ro) /0 F/(t(r — 10) + ro) dt |

0
(3.2.38)
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Now,

1 1 1 1 1 H(ro) — H(r)

F(r)  H(rg)(r —ro) +F(r) H(ro)(r —ro)  H(ro)(r —ro) H(r)H(ro)(r —ro)

An analysis of H(r)— H(ro) as in (3.2.38) followed by integration lead subsequently
to
1 A
fr) = mln|r—7“o|+f(7") :
for some function f which is smooth near rq. Inserting all this into (3.2.37) with
¢ = F'(ry)/2 gives

_ o 4H() exp(—f(r)F'(ro))da do
g_$(F’(ro))2 p(—=f(r)F'(ro))didd + h , (3.2.39)

with a positive sign if we started in the region r > rg, 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.

The above discussion applies to F which are of C* differentiability class, with
some losses of differentiability. Indeed, (3.2.39) provides an extension of C¥~2 differ-
entiability class, which leads to the restriction k > 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 3.4 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 3.4 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 (3.2.35) for a (441)-dimensional Schwarzschild-Tangherlini
solution can be calculated to be

f:r—f—\/%ln(:;%).

A direct calculation leads to

~ 8m(r+ V2m)?
2

. exp(—r/2m) di.do 4 dQ* . (3.2.40)

g:

One can similarly obtain (non-very-enlightening) explicit expressions in dimen-
sion (5 +1).
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The isotropic coordinates in higher dimensions lead to the following form of
the Schwarzschild-Tangherlini metric [127]:

Gm = (1 + 2’;‘2_2> - (i:(d:ci)2> - G . Z?;;i;:_jfdﬁ . (3.241)

1=1

The radial coordinate |z| in (3.2.41) is related to the radial coordinate r of
(3.2.33) by the formula

2
m =g
r= <1+2|x\”—2> || .

It may be considered unsatisfactory that the function r appearing in the
globally regular form of the metric (3.2.17) 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 [81]%

2
g = —8m |dxdy + :Uy—llj—i%nd# — (zy 4 2m)2dQ? . (3.2.42)

The coordinates (x,y) are related to the standard Schwarzschild coordinates
(t,r) as follows:

r o= xy+2m, (3.2.43)
t = zy+2m(l+In|y/z|), (3.2.44)

—1
| = r —2m|exp r—¢ , 3.2.45
4
m
t—r
ly| = \/\r—2m|exp< 4m> . (3.2.46)

In higher dimensions one also has an explicit, though again not very en-
lightening, manifestly globally regular form of the metric [91], in space-time
dimension n + 1:

w?(—(r)~ 220ttt L dm?2((n 4+ 1)(2m — 1) + 3r — 4m)

ds® = —2 du*
y m(2m —r)?
+8mdUdw + r2dQ?_, | (3.2.47)
where r > 0 is the function
r({U,w) =2m+ (n—2)Uw, (3.2.48)

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

5The Israel coordinates have been found independently in [125], see also [87].
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3.2.3 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 + 2m In(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 .

&= g(03) = —(1 - =i,

and a conserved angular momentum w
. 2.
w:=g(0p,7) =rp.

Yet another constant of motion arises from the length of 7,

2m, s 2042 | win2 22
1—7)t —i—l_j—i-r (0° +sin“0p*) = e € {—1,0,1} . (3.2.49)

r

9(777) = _(

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:

U (At e\ L (dON? ., (de\’
$_2<V<ds) -V (ds) -7 e _TSIHQE .

Those Euler-Lagrange equations which are not already covered by the conservation

laws read:
2 2 2
Vo,V at + 2r @ +sin? @ e . (3.2.50)
ds ds

d dr
~(yv—2ZL
ds < ds) ds

d ( ,do dp\?

T (r2ds> 72 sin 6 cos 0 (df) . (3.2.51)
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) = 7/2 and 6(0) = 0, and then 6(s) = 7/2 is a solution
of (3.2.51) 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 (3.2.49) we then obtain the following ODE for r(s);

2m w?

-2 2

=& 1——)e——=). 3.2.52
P =6t (1= e - 2) (3:2.52)
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(¥,7) — this
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can be read off from the middle term in (3.2.49). But the reader should easily
convince herself that, at this stage, the desired equation can be obtained by
differentiating (3.2.52) with respect to s, obtaining

o I _ i(éﬂ? =2 WQ)) |

ds® ~ dr r r2 (3:2:53)

We wish to point out the existence of a striking class of null geodesics for
which r(s) = const. It follows from (3.2.53), 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 (3.2.52) and of (3.2.53) (with ¢ = 0)
vanish: ) )

£2_ (- g 2%(—7“ +3m) . (3.2.54)

rr?
Simple algebra shows now that the curves

soye(s)=(t=s, r=3m, 0 =7/2, o = £32m~1s),
are thus null geodesics spiraling on the timelike cylinder {r = 3m}.

3.2.4 The Flamm paraboloid

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

2 dr?
G = — (1 = MZ) A+ g + 1A, (3.2.55)
- rn—2

where, as usual, d2? is the round unit metric on S®~'. Because of spherical
symmetry, the geometry of the ¢ = 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
2
h= ((@) + 1)dr2 +1r2d0? .
dr
This will coincide with the space part of (3.2.55) 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

2y/1r —2m r>2m,n =3
= 20 £ /2 ) ) :
=T 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”
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Figure 3.5: 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 3.6: 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 3.5.

Rosen bridge r

of the Einstein-
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of the Einstein-Rosen bridge. Solving for 7(z), a convenient choice of zp leads

to
[ 2m+ 2%/8m, n =3,
"7\ vVam cosh(z/v2m), n=4.

In dimension n = 3 one obtains a paraboloid, as first noted by Flamm. The
embeddings are visualized in Figures 3.5 and 3.6.

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 3.7; in that dimension z(r) can be expressed in
terms of elliptic functions, but the final formula is not very illuminating.

Figure 3.7: 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)/3, 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.

3.2.5 Conformal Carter-Penrose diagrams
Consider a metric with the following product structure:

g = grr(t,7)dr?* + 2gn(t,7)dtdr + gu(t,7)dr* + hap(t, v, 2?)dz?da®? | (3.2.56)

:;29 ::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 2¢ gives a good idea
of the causal structure of (.#Z,g). We have already done that in Figure 3.4 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 = 2guy (u, v)dudv = 2gy, (—dt* + dr?) (3.2.57)

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.



3.2. THE SCHWARZSCHILD SOLUTION AND ITS EXTENSIONS 89

EXERCICE 3.2.2 Prove (3.2.57). [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 ¥ be defined by the
equations

tanu=u, tanv =7,

where ¢ and 4 have been defined in (3.2.15)-(3.2.16). Using

1 1
di = —5—du, di=—5—dv,
cos? 4 cos? U
the Schwarzschild metric (3.2.17) takes the form
] _r
g = P ) exi( 2 4y s + 12402
8 _r
_ Bmep(Tan) o 4202 | (3.2.58)

 rcos2 ucos? T
Introducing new time- and space-coordinates t = (4 + v)/2, Z = (a — 0)/2, so
that

u=t—-z, v=t+17,
one obtains a more familiar-looking form

8m exp(—5-)

m

— —_2mZ(_qt? + dz?) 4 r2dQ? .
7 Ccos2 1 cos2 v

g =
This is regular except at cosu = 0, and cos@ = 0, and r = 0. The first set
corresponds to the straight lines u = ¢ — z € {£n/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 40 = 1, which is equivalent to

tan(u) tan(v) =1 .

Using the formula

¢ (_+_> tanu + tanv
an(u +9) = ———m———
1 —tanutanv

we obtain “tan(u + v) = £00” or, more precisely,
u+v=2t==m/2.
So the Kruskal-Szekeres metric is conformal to a smooth Lorentzian metric on
C x S?, where C is the set of Figure 3.8.
3.2.6 'Weyl coordinates

A set of coordinates well suited to study static axisymmetric metrics has been
introduced by Weyl. An explicit formula for the Schwarzschild metric in Weyl
coordinates can be found in Section 2.2.8.
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r = constant < 2M Singularity (r = 0)
r=2Mm ) / —r=2M
A 7N

r = infinity

t = constant

t = constant

\Y/Zz, PN s
< \ r=2m
r=2m
Singularity (r = 0) r = constant < 2M
t = constant

Figure 3.8: 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 3.4.

3.3 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 (3.2.1) is its stationarity, with Killing vector field X = 0;:
A space—time is called stationary if there exists a Killing vector field X which
approaches 9; in the asymptotically flat region (where r goes to oo, see Sec-
tion 4.3 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 3.3.1 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



3.3. SOME GENERAL NOTIONS 91

vector fields (this means that the equation & = X has a global solution for all
initial values), see Refs. [31] and [63] 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 3.8, where X vanishes.

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

Mx ={9(X,X) =0, X #0},

where X is a Killing vector, is called a Killing horizon associated to X. Fig-
ure 3.4 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, + t0, (3.3.1)

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

N(K)es :={t =€z ,0t >0}, ¢6ec{xl}.

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, . (3.3.2)

Thus, X is the sum of a boost yJ; + td, and a rotation 20, — 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.

3.3.1 Surface gravity

The surface gravity k of a Killing horizon is defined by the formula

(X Xa) |, = —26X0 - (3.3.3)

X

A word of justification is in order here: since g(X,X) = 0 on Nx the differ-
ential of g(X, X) is conormal to Nx. Recalling that on a null hypersurface
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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 (3.3.3).

As an example, consider the Killing vector K of (3.3.1). We have

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

which is twice K* on .4 (K);. On another hand, for the Killing vector X of
(3.3.2) we have

d(g(X, X)) = 2(t + x)(dt + dz) ,

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

The surface gravity of black holes plays an important role in black hole
thermodynamics, cf. e.g., [16] and references therein.

A Killing horizon Nx is said to be degenerate, or extreme, if k vanishes
throughout Ny it is called non-degenerate if k has no zeros on Nx. Thus, the
Killing horizons A K )es are non-degenerate, while both Killing horizons of X
given by (3.3.2) are degenerate.

ExaMPLE 3.3.2 Consider the Schwarzschild metric in the representation (3.2.6),

2
L 2m

g=—( " )dv? 4 2dvdr + r2dQ? . (3.3.4)

We have
d(g(X, X)) - d(g(av,a,,)) - —i—?dr .

Now, X” = g(8,,") = —(1 — 2Tm)dv + dr, which equals dr for r = 2m. Comparing
with (3.3.3) gives

1
K/EK/m::%.

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 4.5.2 that there are no regular, degenerate, static
vacuum black holes at all.

In Kerr space-times (see Section 3.5 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 3.6 are degenerate.

The surface gravity « is constant on bifurcate [85, p. 59] Killing horizons.

Yet another class of space-times with constant s ([74], 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.

3.4 The Reissner-Nordstrom metrics

The Reissner-Nordstrom metrics are the unique spherically symmetric solu-
tions of the Einstein-Maxwell equations (with vanishing cosmological constant).
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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 dr?
49 = _<1 _am %)dﬂ + % +72d0? | (3.4.1)
T r 2m  Q
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= gdr . (3.4.2)

The equation g(0;, ;) = 0 has solutions r = ry provided that |Q| < m:

ry =m4/m2— Q2.

Calculating as in Example 3.3.2, one finds that the surface gravities of the
horizons r = r4 of the Reissner-Nordstrom metric equal

1 1 2m Q2 mry — Q?
= L =lo (1o D) @
* 2 rGitlr=r- 2" r + r2 ) lr=ry rd
m2 — 02
_ @
L=
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
Q1 =m.

In dimensions n + 1 > 5 one has [115] the following counterpart of (3.4.1)-
(3.4.2):

2m Q?

=2 T am)

ntlg — —(1 _ )dt2 n Fr2d0%,  (3.4.3)

2m Q?
rn—2 " 2(n-2)

dr, (3.4.4)

where m is related to the ADM mass, and @ to the total charge.

3.5 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®6 ., 4damrsin?6
z z

2 22 2 qin2
. by Ba”sin” 6 sin? 0dp? + %drz +Xd6? . (3.5.1)

dtdp +
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Here
Y =72+ a’cos? 6, A=r2+a®>-2mr=(r—r)(r—-r_),
and ry < r < 00, where
Ty :m:t(mz—QQ)% .

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 = 9, 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 ¢ is replaced by a new

coordinate P
v=t —l—/ A dr, (3.5.2)
T+
with a further replacement of ¢ by
" a
qZ>—<,0+/TJr Adr. (3.5.3)

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

P
G o= - (1 _ %)dﬁ + 2drdv + $d0% — 2asin? 0dpdr
2 1422 — o2sin2 HA 4 in2
(r* +a”) Za sin” 0 sin® 0dgp? — %Smedd)dv. (3.5.4)

In order to see that (3.5.4) provides a smooth Lorentzian metric for v € R and
r € (0, 00), note first that the coordinate transformation (3.5.2)-(3.5.3) has been
tailored to remove the 1/A singularity in (3.5.1), so that all coefficients are now
analytic functions on R x (0,00) x S2. 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 (3.5.1) reduces to that of a two-by-two
determinant in the (¢,) variables, leading to det g = — sin? %2, Next, it is very
easy to check that the determinant of the Jacobi matrix d(v,r, 8, ¢)/0(t, 7,0, )
is one. It follows that det§ = —sin?#%2 for » > 7. Analyticity implies
that this equation holds globally, which (since ¥ has no zeros) establishes the
Lorentzian signature of ¢ for all positive 7.

Let us show that the region r < r is a black hole region, in the sense of
(3.2.8). We start by noting that Vr is a causal vector for r— < r < ry, where
r— = m—vm?+a? A direct calculation using (3.5.4) is again somewhat
lengthy, instead we use (3.5.1) in the region r > r to obtain there

1 A (r—ry)(r—ro)

GV V) =g(VrVr) =g = — =S =5 G gy (859
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But the left-hand-side of this equation is an analytic function throughout the
extended manifold R x (0, 00) x S2, and uniqueness of analytic extensions implies
that §(Vr,Vr) equals the expression at the extreme right of (3.5.5). (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 < r4}. 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

d'f’_.i._“.ij_ .

25 = Vir = gij7'V'r =g(y,Vr) <0 (3.5.6)
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 )

9(84,%) = §(0u, 00) = oo = _<1 12+ a%cos?

and the equation §(9,,d,) = 0 defines a set called the ergosphere:
P+ =m 3 vm2 —a2cos? 0,

see Figures 3.9 and 3.10. The ergosphere touches the horizons at the axes of

Figure 3.9: A coordinate representation [129] 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 [90].

symmetry cosf = +1. Note that 971 /00 # 0 at those axes, so the ergosphere
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has a cusp there. The region bounded by the outermost horizon r = r; and the
outermost ergosphere r = 7, is called the ergoregion, with X spacelike in its
interior. We refer the reader to Refs. [20] and [122] for an exhaustive analysis
of the geometry of the Kerr space-time.

Figure 3.10: 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 > v/3/2 [129]. 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 [90].

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. (3.5.7)

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

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

where T),,, is the usual energy-momentum tensor of a scalar field,
1 «
Ty = VyuVyu — §V uVall G -

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, v 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.

"See [12] and refs. therein for further information on that subject.
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The hypersurfaces
Ay ={r=ry}

provide examples of null acausal boundaries. Because g(Vr,Vr) vanishes at
€, 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 (3.5.4) requires
work which can be avoided as follows: in the coordinate system (¢,r,6, ) of
(3.5.1) one obtains immediately

A
Vr =g"o,ro, = EBT .

Now, under (3.5.2)-(3.5.3) the vector 0, transforms as

a r2+a2
A%t 3

This shows that in the coordinates (v,r, 6, ¢) we have

O — O + Oy -

A
Vr = i&n +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

a

X=0=0,, Y=03=0,, w (3.5.8)

B 2mry
is proportional to Vr on {r > ri}:
X+ wY =2mr,Vr on 7 .

It follows that 0; +wd,, is null and tangent to the generators of the horizon J7; .
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 [115].

3.5.1 The Ernst map for the Kerr metric

A key role for proving uniqueness of the Kerr black holes is a harmonic map
representation of the field equations: here, to every stationary axisymmetric
solution of the vacuum Einstein field equations (.#, g) one associates a pair of
functions (f,w), where f is norm of the axisymmetric Killing vector, say 7:

f=g9mnmn),

while the function w, called the twist potential, is defined as follows: One intro-
duces, first, the twist form w,dx" via the equation

wy = euagvnaVBTﬂ .
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It follows from the vacuum field equations that w is closed. So if, e.g., . is
simply connected, there exists a function w such that

wy = 0w .

The complex valued function f 4+ iw is called the Ernst potential.
For the purposes of Section 3.5.2 below we rewrite the Kerr metric in Boyer-
Lindquist coordinates using tildes:

A — a?sin?6 Amaf sin? 0

=— dt* + ————dtd
g S + S »+
224022 - Ag2sin2 0 3 D B
(P Ha’)” —Aa7sin®0 o 2602+ Zai 4 val . (3.5.9)
b A
Thus
Y =72 +a%cos?h , A= +a?>—2mi=F—ry)(F—r_).

We assume that r < 7 < oo, where, as before,
1
re =m+ (m?—a®)7 .

The twist potential w reads [49]

~ ma? cos @ sin* 6

w = J(cos®§ — 3cos ) — > (3.5.10)

It is important for the study of such metrics that the leading order term in w
is uniquely determined by J. The Ernst potential f + iw can now be obtained
by reading f from (3.5.9).

3.5.2 Dain coordinates

Dain [49] has found a system of coordinates which nicely exhibits the “Einstein-
Rosen bridges” of the Kerr metric. One wants to write the space-part of the
Kerr metric in the form

g =e 20420 (4% 1 02%) + p2e 27 (dg + pB,dp + A.dz)? . (3.5.11)

If |a|] < m let 7+ = m + vVm? — a? be the largest root of A, and let 7 = 0
otherwise. For
r>rg,

so that A > 0, define a new radial coordinate r by
1/
r=3 (r—m+\/5) ; (3.5.12)

After setting
p=rsinf, z=rcosh, (3.5.13)
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one obtains (3.5.11). We have

- m? — a?
r=r+m+———.

.5.14
4r (3.5.14)

We emphasize that while those coordinates bring the metric to the form (3.5.11),
familiar in the context of the reduction of the stationary axi-symmetric vacuum
Einstein equations to a harmonic map problem, the coordinate p in (3.5.13) is
not the area coordinate needed for that reduction® ezcept when m = a.

To analyze the behavior near r = 0 we have to distinguish between the
extreme and non-extreme cases. Let us first assume that m? # a2, using we
calculate eV from (3.5.9) in terms of the tilded coordinates, and using (3.5.12)
we then have

U =2In (%) —ln‘l—g;‘—i—O(r). (3.5.15)

With a little work it can now be seen that that r = 0 corresponds to another
asymptotically flat region for the metric (3.5.11).

On the other hand, in the extreme case m? = a?

one similarly finds

~ r 1 ~
= (5-) + 500 (1+cos?d) . 5.1
U=1In 5 +5n +cos“ @) + O(r) (3.5.16)
This implies that the space geometry near r = 0 approaches is that of an

“asymptotically cylindrical end”, as discussed in general in Section 4.1.

3.6 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 [17,34], there are no regular, static, vacuum
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 [45] by the
Majumdar-Papapetrou black holes, in which the metric 4g and the electromag-
netic potential A take the form [102, 126]

19 = —u=2dt? + u?(da® + dy?® + d2?), (3.6.1)
A=u"tdt,

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

oy P P

i 0, 922 + 2 + 92 (3.6.3)
Regular, or standard MP black holes are obtained if the coordinates z# of
(3.6.1)—(3.6.2) cover the range R x (R3\ {@;}) for a finite set of points @; € R?,

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

8The correct (p,z) coordinates for the harmonic map reduction are p = v/Asin#, z =
(7 —m) cos . In the last coordinates the horizon lies on the axis p = 0, which is not the case
for Dain’s coordinates except if a = m.
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u:1+z|£“1; , (3.6.4)

for some positive constants ;.

The property that these are the only regular black holes within the MP class
has been proved in [42], see also [43, 69]; the fact that all multi-component reg-
ular static black holes are in the MP class has been established in [45], building
upon the work in [103,137,144]. We return to this question in Section 4.5.3
below.

The case I = oo has been considered in [32, Appendix BJ, where it was
pointed out that the scalar F),, F'*” is unbounded whenever the d;’s have ac-
cumulation points. It follows from [42] 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 |# —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 [114]. The metric and the electromagnetic potential take the form

Wl Z _y2de oy ((dxl)z T (dxn)2> , (3.6.5)
A=uldt, (3.6.6)

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

N
_ Z Hi
=1

for some a; € R".
Let us point out some features of the geometries (3.6.5). First, for large |Z|

we have N
D i1 Mi i~ (n-1)
u:1+‘:5|ﬁ+0(|$| " ),
so that the metric is asymptotically flat, with total ADM mass equal to Zf\il i
Next, choose any i and let r = |Z — @;| be a radial coordinate centred at ;.
Then the space-part g of the metric (3.6.5) takes the form

g = ure ((dﬂﬂl)2 +.o.4 (da:”)Q) — P2y (Cﬁj + h)
= (TR d(r) +h) (3.6.8)
= (rru)TE(da’ + ), (3.6.9)

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

1
rne2y —r—d; Mi >0.
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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 [69] 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 —d;|; 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
g = —u % (dv — fldr)? + u%(dr2 + 72h)
= —u?dv? + 2u_2f'dv dr + (uﬁ — u_Q(f’)Q) dr? + uﬁﬂh .
(3.6.10)

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 @; as follows:

I 1 . 1
u = Jn—2 +1+§W+TU—U<1+O(Tn )) , (3611)

=1

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

f=dnr—2.

This shows that the function

g, = unT uA(f1)? = @ [(%) - B (%)2} = 0" 3)

~r—2

is an analytic function of r and angular variables for small r.
The above works well when n = 3, in which case (3.6.10) reads

_ u 2
Sty = —u 2d02+2< — ) dvdr+ gnr dr*+ %% h.
~r2 ~ — =u2
' =140(r2) =om prom

At 7 = 0 the determinant of 3*1g equals —pufdeth # 0, which implies that
3+1gm, can be analytically extended across the null hypersurface % = {r =
0} to a real-analytic Lorentzian metric defined in a neighborhood of J#. By
analyticity the extended metric is vacuum. Obviously 77 is a Killing horizon
for the Killing vector d; = 0,, since **1g,, vanishes at 2.
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Let us return to general dimensions n > 4 and consider "*1g,.,:
+1 —2 41 U\2,3-n = 3
grodrdv = u “fdrdv= (7) un=2drdv = (1 +O0(r"™ ))ul dr dv
u
3—n
2 i 2
_ n— 7 n—
= <1+O(r ))n_Qd(r ) dv

=:p

It follows that this term will be better behaved if we introduce a new radial
variable p = "2, This, however, will wreak havoc in "*1g,,dr?, as well as in
various other terms because then r = pﬁ, 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 "*1g,, = 0; furthermore,

_9 5
+1 _ =2 __ i _ 14
Guv =U = = (]— + p) = (utp)?

2 o N2 L
= (up)"—2 = (Hi +p)n-
3—n rn 2)

tlgpdrdv = dedv = ((7)dpdv = %dpdv

2
un=2r

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 3.2.1.)

For n > 4 and N > 1 the above construction (or some slight variation
thereof, with f not necessarily radial, chosen to obtain "*1g,,. = 0) produces
a metric which can at best be extended by continuity across a Killing horizon
“located at ¥ = a;”, 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 [158] that the metric cannot
be extended smoothly when n > 4 and N = 2 or 3. Similarly, in [18] it is shown
that axi-symmetric configurations in n > 5 do not possess C? extensions.

PROBLEM 3.6.1 Study, for n > 4, whether (3.6.7) 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.

3.7 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 [54].
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 [54], 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.”

9T am grateful to R. Emparan and H. Reall for allowing me to reproduce their figures.
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The starting point of the analysis is the following metric, solution of vacuum
Einstein equations:

_ _F(af)<dt_|_ Vfl_ydw>2

F(y) (r A
F@W) | (Y GW) 0
YR gp [ P (&t * Ty
$2 Xz
+F(y) (gm + lgga:; d<p2>] : (3.7.1)

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

£

GE) =ve -+ 1=v( - &)(E —&)(E &) (3.7.3)

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,

(3.7.2)

§1 <0< <.

In our analysis we assume that!”

§<&r<&3.

a definite choice of £ consistent with this hypothesis will be made shortly.
Requiring that
&<z <& (3.7.4)

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) - (3.7.5)

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

o 2

1 .
— + + — , where a:\3/—1081/24-84—12\/5\/271/2—41/,
6v  3rva 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_,, with

Z), = COS (% [arccos (1 — 27;2) + 2k7rD .

19 According to [54] [54], the choice ép = & corresponds to the five-dimensional rotating
black hole of [115], with one angular momentum parameter set to zero.
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Performing affine transformations of the coordinates, one can always achieve

51:_17 {2:17

but we will not impose these conditions in the calculations that follow.
There is a potential singularity of the G~!(z)d2? + G(x) F~(x)dp? terms in
the metric at x = &1, which can be handled as follows: consider, first, a metric

of the form
dz?

T — X0

h = + (= @o) f(z)dp? ,  f(z0) #0. (3.7.6)

Introducing

p=2/xr—x0, @=Ap, (3.7.7)
one obtains s
A2 f <CC() + %)

4
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

Lo

h=dp* + prdp? . (3.7.8)

A= . (3.7.9)

:

In order to see that, suppose that (3.7.9) holds, set ! = jcos @, #2 = jsin p, we

then have
e M ) )
—_— 4 ——
Sapdadab Sapda dzb —dp?
= Sapdzdz’ + » (f <z0 - 2) - f(%)) <5abd:6adxb — ﬁﬂxaxbdx“dxb) .

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

N (1 (w0 +2) = flw))
: _

so that
h= [(1 + s([)z)[)2>5ab + s(ﬁQ)xaxb] dz®dz® (3.7.10)

which is manifestly smooth. This shows sufficiency of (3.7.9).

EXERCICE 3.7.1 Show that (3.7.9) is necessary for a smooth complete metric.

In order to apply the above analysis to the last line of (3.7.1) at g = & we
have

de?  G(z) , 5
G)  F@ T

vz —& (113—53)(55—51Jr Ep—x

1
)
1 o AHp(r — &) (z — &)?
v(z—&)(z — &) <dp " A&r — )

dx? v2p(x — &) (x — &) (x — 53)2d¢2>

ﬁ2d¢>2) . (3.7.11)
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so that (3.7.9) becomes

2 —
A= Ver — &1 . (3.7.12)
vVEr(§2 — &1)(&3 — &)
For further purposes it is convenient to rewrite (3.7.11) as
da® G(x) , o 1 2 2\ ~2) ~2 52
do® = ——|dp 1 0°)p d 7.1
G(;c)+F(x)90 H(x)[er( +8(p)p)p 90]7 (3.7.13)
for a smooth function s with, of course,
H(€) =v(—&)(E—&). (3.7.14)
When £ > &5 one can repeat this analysis at © = &9, obtaining instead
IEm —
A= S — &2 . (3.7.15)
vVEr(§2 — &1)(& — &2)
Equality of (3.7.12) and (3.7.15) determines p:
£16 — &3°
= 2> 2 3.7.16
R T (3:7.16)

(Elementary algebra shows that & < {r < &3, as desired.) It should be clear
that with this choice of £p, for y # &, the (x,¢)—part of the metric (3.7.1)
is a smooth (in fact, analytic) metric on S2, with the coordinate = being the
equivalent of the usual polar coordinate 6 on S?, 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 = &1 will be viewed as S? with the north pole x = & removed.

The calculation of the determinant of (3.7.1) reduces to that of a two-by-two
determinant in the (¢,1) variables, which equals

F2(2)G(y)

, 3.7.17
A% (z —y)?F (y) B0
leading to
F2(x)F(y)
detg = ——4—"——+ 7.1
so the signature is either (— 4+ + + +) or (— — — 4+ +), except perhaps at the

singular points * = y, or F(z) = 0 (which does not happen when &p > &o,
compare (3.7.4)), or F(y) = 0.

Now, F(z) > 0, G(z) > 0 (away from the axes z € {&,&2}) thus, by
inspection of (3.7.1), the signature is

(sign(~F(y), sign(~G (), sign(~F(y)G(y)), +,+) - (3.7.19)

An examination of the four possible cases shows that a Lorentzian signature is
obtained except if F'(y) > 0 and G(y) > 0, which occurs for y € (£1,£2). So y’s
in this last range will not be of interest to us.
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We start by considering
y<&, (3.7.20)

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 —(% + %dwz) is a smooth
Riemannian metric if £&; — y is related to a radial variable p = 2/§; —y € R
and 1 = Ap, with A given by (3.7.15) and ¢ being 2m-periodic. Analogously to
(3.7.13), we thus have

_<g?y2) i %d¢2> - th) [dﬁ? + (1 +s(ﬁ2)ﬁ2)ﬁ2d¢2] . (3721

Note that the remaining terms in (3.7.1) involving di) are also well behaved:
indeed, if we set &' = pcos P, @2 = psin @, then

A? N0 o
ngp—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

Box(( BE x 52 )\ ({0} x {N})) .
t YYepe  T,eSpp

Before passing to a detailed analysis of the metric for x and y close to &1,
it is encouraging to examine the leading order behavior of the last two lines in
(3.7.1). Recall that (3.7.7) with zg = & gives = &1 + p?/4, and using (3.7.13)
we rewrite the last line of (3.7.1), for small p,

Fy? (d®  G(), 5\ _  F(&)?
A2z —y)? (G(w) T F@ Y ) T AZH(E) (@ — y)?

(dp® + d@?) .
Similarly, with y = & — p%/4, and with p small, the second line of (3.7.1) reads,

keeping in mind (3.7.21),

 F@Fy) (d* G, o\ _ F(&)?
2z y)? (G<y> T Fy™ ) ~ THE) (@ = g)?

Since © — y = (5% + p?)/4, adding one obtains

(dp® + dp?) .

16F(&)? y 1
A?H (&) (9% + p?)

5 (dp” + p2d@* + dp* + p*d@?) .

Up to an overall constant factor, this is a flat metric on R?*, to which a Kelvin
inversion & +— #/|Z|* has been applied, rewritten using polar coordinates in
two orthogonal planes.
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We pass now to a complete analysis. Near the singular set R x {0} x {N},
Emparan and Reall replace (p, p) by new radial variables (7, 7) defined as

(Y S — (3.7.22)

B@+@) | B@+
where B is a constant which will be determined shortly. This is inverted as

T R T
B2+’ T BFE )

p= (3.7.23)

It is convenient to set

We note
~9 ~9 ~2 22
P Y P S
r=&+7 51-1-4324, y=8a- =8~ [pa>
1
by

This last equation shows that x — y — 0 corresponds to r — oo.
Inserting (3.7.13) and (3.7.21) into (3.7.1) we obtain

__F(=) va-y,\
- TF) (dH & A dw)

N F(y)
A?(z — y)?H (z)H (y)

F(a)H(z) (dﬁ2 e s<ﬁ2>ﬁ2>ﬁ2d¢>2)

LR (y)H(y) (dﬁ2 e s<ﬁ2>ﬁ2>ﬁ2d¢2) (3.7.24)

The simplest terms arise from the first line above:

w1 2
f & — 4321"4 <dt+ v e A2ds0>
Er—&1+ 4321"4 fF 4AB*r
- (1 - : + 0(7«—4)) <dt + O(r_4)f2d<,b)2 (3.7.25)
4(&p — &1)B?r?

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 verify that
the decay of the metric to the flat one is uniform with respect to directions,
making sure that no problems arise near the rotation axes # = 0 and ¥ = 0. So
we write

F(y)
A%(z —y)?H(z)H (y)

Gppd@® + gppdd® = F(a)H(x)(1+ s(5%)5*) p2dg?

+F(y)H(y)(1+ s<ﬁ2>ﬁ2)ﬁ2d¢2]
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= m F(a)H(x) (1+0()?)i%as”
+F(y)H (y)(l + O(r4)F2>f2dcﬁ2] . (3.7.26)
From
dp = % (2 = a7 - 277d7) , dp = % (72 = #*)ar - 277dr)
one finds
gri = AZ(;lI](B:szS((Z))M (F(a)H(@)(7? = )2 + 4F (y) H(y)7 %)
= W (P ) AW W) - FORE) )
= A(24 5();%2) (F (x)H (x) +O(f4)A2) 7 (3.7.27)
B = et U () HO) — )+ 4F ) H )
- B (Fwmw) + o) (3725
te = (s — ) (F) )~ ) H ()
= O(r")pr. (3.7.29)

It is clearly convenient to choose B so that

(4B)*F2(&1)

APH(E) b

and with this choice (3.7.25)-(3.7.29) give

g = —(1+067)(at+ O(r‘4)f2d¢)2 +O(rY) Fdi idr

+(14+0672)) (i +7245%) + O(r~)d?

+(140072) (a7 + P2dg?) + O( )i dg? (3.7.30)
To obtain a manifestly asymptotically flat form one sets

gt = 7 cos , i = 7sing , gt = 7 Ccos 7’ = rsing ,

then

FdF = ghgt + AR A = 5 - g

FdF = g+ PP PG = 5 - Pdg
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Introducing (z#) = (t, 9, 9%, 9%, §%), (3.7.30) gives indeed an asymptotically flat
metric:

g= (mw + o(r*Q))da;ﬂde .
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

|9, [V Gy
g = ~H )[F’(Z/)Jr &r AF (y)
1 vE—y? | Gl
ﬁ( &i—y +(£—y)2>d¢2+z42
F(y) d* G(z)
ey (60 7o >]

—

dtdyp

F(y)y*

" @ - v)’G()

dYQ]

y——00

%3 20 +x—1-v¢
_F(x)[zfdtdzﬁ L xA2 UoF

1 dz?  G(z) , ,
e <G<az> T Fw)™ )

1
A2vép

dip® + dYQ]

. (3.7.31)

Calculating directly, or using (3.7.18) and the transformation law for det g, one

has

F2(2) Y (y)y* F(z)
AS(z—y)s VTR TAS

which shows that the metric remains non-degenerate up to {Y = 0}. Further,
one checks that all functions in (3.7.31) extend analytically to small negative
Y; eg.,

detg = — (3.7.32)

F(x) &fpr—2  (Er—2)Y

O, Of) = = — — - _ ’
900 =90 = 5 T Ty T Yér 1

(3.7.33)

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

obtaining a metric which has the same form as (3.7.1):

B F(x) v & —z 2
0 = rg (e )

F(2) _F(s dz?  G(2) ,
-y [ @50+ 79°)

172 X
+F(2) <g(x) + gEx;d¢2>] . (3.7.34)
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By continuity, or by (3.7.19), the signature remains Lorentzian, and (taking
into account our previous analysis of the zeros of G(z)) the metric is manifestly
regular in the range

§3<z<00. (3.7.35)

Note, however, that the “stationary” Killing vector 0;, which was timelike in the
region Y > 0, is now spacelike in view of (3.7.33). Therefore the region (3.7.35)
is an ergoregion for the extended space-time. The ergosurface at Y = 0 has
topology S' x S? for £ > &, as assumed here.

The second line of the metric (3.7.36) has a problem at z = &. We have
already shown how to solve that in regions where F' was positive, but now
F(z) < 0 so the previous analysis does not apply. Instead we replace ¢ by a
new (periodic) coordinate x defined as

dxy = dw—i-” d

However, this coordinate transformation wreaks havoc in the first line of (3.7.36).
This is fixed if we replace ¢ with a new coordinate v:

dv = dt + , / - &) AG(z )dz
In the (v, z, z, X, ¢)—coordinates the metric takes the form
F(z) < viz—§& )2
ds* = — dv — | — d
F(z) Ver a X

1
o7 | P (-GEE +2v/=F()dvd)

$2 T
+ 6P (g + 7 ) ] (3:7:36)

This is regular at

+

& = {Z = fg} s
and the metric can be analytically continued into the region £p < z < £3. One
can check directly from (3.7.36) that g(Vz, Vz) vanishes at &. However, it is
simplest to use (3.7.34) to obtain
A%(z - 2)%2G(2)

9(Vz,Vz) = g% = — FOFG) (3.7.37)

in the region {z > &3}, and to invoke analyticity to conclude that this equation
remains valid on {z > £r}. Equation (3.7.37) shows that & is a null hypersur-
face, with z being a time function on {z < &3}, which is contained in a black
hole region by the usual arguments (compare the paragraph around (3.5.6)).
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 region z < &3. For this,
consider the “area function”, defined as the determinant, say W, of the matrix

g(Kvi]) 5
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where the K;’s, ¢ = 1,2, 3, are the Killing vectors equal to ;, 0y, and 9, in the
asymptotically flat region. In the original coordinates of (3.7.1) this equals

F(z)G(z)F(y)G(y)
Az —y)t

(3.7.38)

with an identical expression where z replaces y in the coordinates of (3.7.34).
One further checks that this formula is not affected by the introduction of the
coordinates of (3.7.36). Now,

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

and, in view of the range (3.7.4) of the variable z, the sign of (3.7.38) depends
only upon the values of y and z. Since F(y)G(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 S# intersects the
region {y € [—00,&1) Uz € (&3,00]}. Since S is a null hypersurface invariant
under isometries, every Killing vector is tangent to s#. However, at each point
at which W is negative there exists a linear combination of the Killing vectors
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 S?: this is a “rotating black ring”.

It follows from (3.7.36) that the Killing vector field

(L0 AGE o
S Ov V(& - &) Ox

is light-like at &, which is therefore a Killing horizon. Equation (3.7.39) shows
that the horizon is rotating, with angular velocity

Qy — AV AVYEr(& — &)
A& — &)vv 2VEr—&

(3.7.39)

(3.7.40)

The surface gravity is

AT &)
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 3.11.
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:

(3.7.41)

e The Killing vector 9, is timelike iff

F(y) >0<+=y <&r;
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Qn

0 Vs

Figure 3.11: Plots, as functions of v at fixed m, of the radius of curvature R; at
x = & of the S! factor of the horizon, the curvature radius R, at = = &;, total
area A of the ring, surface gravity x, and angular velocity at the horizon Q.
All quantities are rendered dimensionless by dividing by an appropriate power
of m. Figure from [54].

e The Killing vector J, is always spacelike;

e From (3.7.1) we have

vE(@)(&—y)

(z —y)*(&r — )

(e —n@-nE—y - (@ -ye-y?) . (742

~~

(*)

9(0y, 9y) = -

For y < & we can write
(r—y) (2 —y) (& —y) > (& —y)(z—y)?*,
—— —— ——
2(@—y) >(&-y) >(z—y)
which leads to gy > 0. Similarly, for y > &3,
(y—¢p) (y— &) (y—&) < —(G —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¢¢dw2 + Gppdz® + gw,dgp2 . (3.7.43)

We have just seen that g,y is non-negative, and g,, and g,, also are in
the range (3.7.4). Further

W F@FG)  _ F@) (-6
W A2 —y)2Gly) Az —y)Xer T Y-y — &)y —E&)

an expression which is again positive in the ranges of interest. It follows
that the hypersurfaces {t = const} are spacelike.
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Figure 3.12: Coordinate system for black ring metrics, from [53]. The diagram
sketches a section at constant ¢ and ¢. Surfaces of constant y are ring-shaped, while x
is a polar coordinate on S2. Infinity lies at z =y = —1.

e The main topological features of the manifold .# constructed so far are
summarised in Figure 3.13, see also Figure 3.12. Hence

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

=30

where 0 is the origin of R2, and N is the north pole of 2, 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 (3.7.43) by first neglecting the dy? terms, and then passing to the
limit y — &3. (By general arguments, or by a direct calculation from (3.7.36), this
coincides with the metric of the sections {v = const} of the event horizon &.) One
finds

. Nv(Ep —x)(& — &1)?
ErA%(&3 — &)
so that (recall (3.7.15))
N2 —Ep)3 (e — &) A(G — &)Y (Er — &) 1
Vaeth = §343(z — &3)2 T ARG - 6) (6 - 6) @ &)

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

1672 (& — &r)*2(Er — &)
ABu3/2 €3 (&3 — &) (&2 — &1) (&3 — &1)?

d¢® +

F?(&) ( dz? AQG(m)d(ﬁQ) 7

A2z - 6)2\G@) | Fl)

A= (3.7.44)
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x
2z = &p — event horizon y = & (rotation axis)
North pole x = & N \
|
| 00—y
[ E—
Z — 00, -
-
|
|
|
|
l
|
South pole = = &; s \
ergosurface 1°

Figure 3.13: 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.

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 Er—&
242 €3 (& — &) (& — &)

m (3.7.45)

_2r (br —&1)*2
A3 V31263 (62 — €1)%(&3 — &1)?
Thus, m and J are rather complicated functions of the independent parameters
A and v in view of (3.7.16).

Recall that the spin of the Myers-Perry five-dimensional black holes is
bounded from above [115]:

(3.7.46)

JF 32

— 3.7.47
m3 < 27w ( )
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0.8437) T

0 0.2164 v,

Figure 3.14: (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 [54].

The corresponding ratio for the solutions here is
P2 (G-a)
m3 27w (263 — & — &)2(& — &)

These ratios are plotted as a function of v in Figure 3.14. Rather surprisingly,
this ratio is bounded from below:

(3.7.48)

2
% > 0.8437%. (3.7.49)
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 (3.7.47)
so there is also a black hole with the same values of m and J. This implies
that the uniqueness theorems valid in four dimensions do not have a simple
generalisation to five dimensions, compare [76].
Some algebra shows that the quantities m, J, Qg , x and A satisfy a Smarr
relation

kA

3
=S (2 rauT). 7.
m 2(8W+ HJ) (3.7.50)
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Chapter 4

Uniqueness theory

In this chapter we will present some elements of 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 (4.1.1)
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.

4.1 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

tg = —V(dt + 0;dx")* + gjyda'dz? | OV = 040; = Drgij =0 . (4.1.1)

where g = gijdxidxj has Riemannian signature. The metric g is often referred
to as the orbit-space metric.

In well behaved black-hole spacetimes there usually exists a space-like hy-
persurface . C ((.#)), the closure .# of which intersects a Killing horizon
Nx in a compact set; then (4.1.1) defines a Riemannian metric g on . N % .
Assume that X is timelike on ((.#)) near .#". The vanishing, or not, of the
surface gravity has a deep impact on the geometry of g near Nx:

1. Every compact connected component S of . N Ny, included in a C?
degenerate Killing horizon Nx, on which X does not vanish, corresponds
to a complete asymptotic end of (.7, g) [34].

2. Every connected component S of . N N, included in a smooth Killing
horizon Ny on which
k>0,

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

117
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(a) adoubling of (., g) across S leads to a smooth metric on the doubled
manifold,

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

In the Majumdar-Papapetrou solutions of Section 4.5.3, the orbit-space met-
ric g as in (4.1.1) 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 (., g).

4.2 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 [109]:

PROPOSITION 4.2.1 ([109]) Near a smooth null hypersurface 7€ one can intro-
duce Gaussian null coordinates, in which the space-time metric g takes the
form

49 = zpdv® + 2dvda + 2zhedz®dv + hapdar®da® (4.2.1)

with A given by the equation {x = 0}.

PROOF: Let S C . be any (n — 1)-dimensional submanifold of .7, transverse
to the null generators of JZ. Let % 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 #—neighborhood ¥ C J# of S, tangent to the
generators of 7. One can extend z® to ¥ by solving the equation ¢(z?) = 0.
The function v| ¢ 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,2%) on ¥. By construction we have ¢ = 9, on ¥, in particular
4gvy = 0 on ¥. Further, £ is normal to J# because 4 is a null surface, which
implies gy = 0 on 7.
Let, next, £|4 be a field of null vectors on ¥ defined uniquely by the con-
ditions
Y9y, ) =1, *g(f]y,04) =0, (4.2.2)

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, (4.2.3)
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hence d, is a null, geodesic, vector field on %. In particular
493337 =* 9(0z,0:) =0

Let (24) = (x,2%), and note that

i((‘at.00) = ‘6.0 =" glt 1 (7, Ve
g(l,04)) = “g(l,Vz0a) ="g(t,V5,04) =" g({,Vy,0:)
_ 1 4 _
= 9,V 0) = 5aA( g(€,€)> —-0.

This shows that the components g, 4 of the metric are z-independent. On S
we have g, = 1 and %g,, = 0 by (4.2.2), which finishes the proof. O

EXAMPLE 4.2.2 An example of the coordinate system above is obtained by taking
S to be the light-cone of the origin in (n + 1)-dimensional Minkowski space-time,
with x =r — ¢, y = (t + r)/2, then the Minkowski metric 7 takes the form

2 2
n = —dt*> + dr® + r2d0? = 2dx dy + w

do? .

By standard causality theory, any null achronal hypersurfaces 57 is the
union of Lipschitz topological hypersurfaces. Furthermore, through every point
p € J€ there is a future inextendible null geodesic entirely contained in ¢
(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
(k)s = —|S|/Ssoduh : (4.2.4)

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 (4.2.1) can itself be written as x A, for some smooth function A.
The vacuum Einstein equations imply (see [109, eq. (2.9)] in dimension four
and [94, eq. (5.9)] in higher dimensions)

° o °

, 1.
Ry = ih alo — Dy (4.2.5)
where Rab is the Ricci tensor of hab = hgp|r=0, and D is the covariant derivative
thereof, while ha = h lr=0- The Einstein equations also determine A= Alr=o

uniquely in terms of h and hab

A— %iﬂb (hahs — Doy (4.2.6)
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(this equation follows again e.g. from [109, 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 [94]:

THEOREM 4.2.3 ( [44]) 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 (4.2.5) implies he =0, so that hyy, is Ricci-flat.

THEOREM 4.2.4 ( [94]) In space-time dimension four and in vacuum, suppose
that a degenerate Killing horizon A has a spherical cross-section, and that
(Mt g) admits a second Killing vector field with periodic orbits. For every
connected component Ny of A there exists an embedding into a Kerr space-
time which preserves iola, iolab and A.

It would be of great interest to obtain more information about solutions of
(4.2.5), 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 4.2.4, and it would of interest to prove, or disprove, this.

In the four-dimensional static case, Theorem 4.2.3 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 4.2.4 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 (4.2.1) near each Killing
horizon branching out of the bifurcation surface S ~ N, with ioLab = haplr=0
and ;La = hg|r=0; in fact fOLab is the metric induced by *g on S. When N is the
two-dimensional torus T2 this can be inferred from [108] as follows: using [108,
Theorem (2)] with (¢, Ba, gap)|i=0 = (0, 2hq, hap) one obtains a vacuum space-
time (4" = S x T? x (—¢,€),* ¢') with a compact Cauchy horizon S* x T? and
Killing vector X 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 Rdcz and Wald [131,
Theorem 4.2] to obtain the desired .# containing the bifurcate horizon. This
argument generalises to any analytic (NN, ila, fozab) without difficulties.

4.3 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 (.# A g) will be said to possess

1Some partial results with a non-zero cosmological constant have also been proved in [44].
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an asymptotically flat end if A contains a spacelike hypersurface My, 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 My obtained from R™\ B(R), the metric ¢ induced by *g on My,
and the extrinsic curvature tensor K of My, satisfy the fall-off conditions, for
some k > 1,

9ij = 0ij = Op(r™®), Ky =Opa(r'77), (4.3.1)
where we write f = Og(r®) if f satisfies
Oy O f =00, 0<t<k. (4.3.2)

For simplicity we assume that the space-time is vacuum, though similar results
hold in general under appropriate conditions on matter fields, see [7,41] and
references therein. Along any spacelike hypersurface ., a Killing vector field
X of (#,*g) can be decomposed as

X=Nn+Y,

where Y is tangent to ., and n is the unit future-directed normal to Meys.
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 .

Rij(g9) + K* K, — 2Ky, K*; — N“Y % K;; + D;D;N) =0, (4.3.4)

where R;;(g) is the Ricci tensor of g.

Under the boundary conditions (4.3.1), 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 (A%)% > 3", (A%)? [8,41]. One can then choose adapted coordinates
so that the metric can be, locally, written as

tg = —V2(dt + 0;dx")? + g;jda‘da’ (4.3.5)
0
= =g
with

9ij — 0ij = Op(r™®), 0;=Ok(r™®), V—1=0,(r ). (43.7)

As discussed in more detail in [10], in g-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. (4.3.8)

By inspection of the equations one can further infer that the leading order
corrections in the metric can be written in the Schwarzschild form (3.2.41).

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 [1, 26,
57]. It has been shown by Beig and Simon that logarithmic terms can always
be gotten rid of by a change of coordinates in space dimension three when the
mass is non-zero [11,145]. This has been generalised in [10] to all stationary
metrics in even space-dimension n > 6, and to static metrics with non-vanishing
mass in n = 5.

4.4 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
Zext be as in Section 4.3, the exterior region Mgy and the domain of outer
communications ((.#)) are then defined as?

Mext := Upde(Fext) (M) =TT (Mext) N T~ (Mext) - (4.4.1)
The black hole region % and the black hole event horizon 7+ are defined as
B= M\ (Myg), HT=0%.

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

W = M\T" (M), H~ =0W .

It follows that the boundaries of ((.#)) are included in the event horizons. We

set
EE=0((M))NTEF(Meyy), E=ETUE. (4.4.2)

There is considerable freedom in choosing the asymptotic region .#4y;. How-
ever, it is not too difficult to show that I*(Mey), and hence ((.#)), 7#* and
& i, are independent of the choice of .y as long as the associated Mey’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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4.5 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., [21,38,74,79,80,117,135,155] 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 € M the orbit ¢4[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 [38],
we introduce the following:

DEFINITION 4.5.1 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
(M g, X) is It-regular if X is complete, if the domain of outer communica-
tions ((A)) is globally hyperbolic, and if ({#)) contains a spacelike, connected,
acausal hypersurface .S O Sy, the closure & of which is a topological manifold
with boundary, consisting of the union of a compact set and of a finite num-
ber of asymptotic ends, such that the boundary 0. = .7 \ .% is a topological
manifold satisfying

0.7 C ET == 0((M)) N TT (Meyy) , (4.5.1)
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 [39] holds, and to avoid causality violations as well as certain kinds
of naked singularities in ({(.#)). Further, the existence of a well-behaved spacelike
hypersurface gives reasonable control of the geometry of ((.#)), 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 [140,141], 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 (4.5.1) 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 (4.5.1). 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, (4.5.1) 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 4.5.3 below, see the discussion in the
Corrigendum to [34].
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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 4.5.2 Let (.#,*g) be a stationary. wvacuum, four-dimensional
space-time containing a spacelike, connected, acausal hypersurface ., 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 ((#)) is globally hyperbolic,
and that 0.9 C M\ ({M)). Then ((#)) is isometric to the domain of outer
communications of a Kerr space-time.

4.5.1 Analytic, connected, four dimensional vacuum black holes

The proof of the following, restricted version of Conjecture 4.5.2 can be found
in [38]:

THEOREM 4.5.3 Let (#,* g) be a vacuum, analytic, asymptotically flat, four-
dimensional space-time with a stationary Killing vector X such that (4 ,* g, X)
is It -regular. If &' is connected and mean-non-degenerate, then ((M#)) is
isometric to the domain of outer communications of a Kerr space-time.

Theorem 4.5.3 finds its roots in work by Carter and Robinson [21, 135], with
further key steps of the proof due to Hawking [70] and Sudarsky and Wald [148].
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 [95, 157].

Partial results concerning uniqueness of higher dimensional black holes have
been obtained by Hollands and Yazadjiev [76], compare [37,38,67,68,111].

The proof of Theorem 4.5.3 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 [39], that event
horizons in I™-regular stationary black hole space-times are as differentiable as
the differentiability of the metric allows. One then shows [70]* that either a) the
stationary Killing vector is tangent to the generators of the event horizon, or b)
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 [47] (compare [61]).

In case a) one shows that the domain of outer communications contains a
maximal (mean curvature zero) spacelike hypersurface [46]; to be able to invoke
that last reference one might need, first, to extend ((.#)) using the construction
in [131]. This allows one to establish staticity [148], and one concludes using
Theorem 4.5.4 below.

“Compare [58]; the result, proved by Hawking in space-dimension n = 3 [70, 71], has been
generalised to n > 4 by Hollands, Ishibashi and Wald [75].
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In case b), analyticity and simple connectedness imply [33] 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 [21], 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 [123,132] 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 [36]), with rather
delicate singularity structure at points where the event horizon meets the axis.
A uniqueness theorem for such maps [135, 155] achieves the proof.

4.5.2 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[138], or under the hypothesis that .# is spin whatever n > 3, and is
expected to be true in general [27,97].

We have the following result, which finds its roots in the work of Israel [82],
with further simplifications by Robinson [136], and with a significant strength-
ening by Bunting and Masood-ul-Alam [17]; the proof of the version presented
here can be found in [34, 38]:°

THEOREM 4.5.4 Under the hypotheses /0\f Conjecture 4.5.2, suppose moreover
that X is hypersurface-orthogonal. Let . denote the manifold obtained by dou-
bling .7 across the non-degenerate components of its boundary and compactify-
ing, n the doubled manifold, all asymptotically flat regions but one to a point.

®See [38] or the arXiv version of [34] for corrections to some of the claims in [34, 35].
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Ifﬁ is of positive energy type, then ({#)) is isometric to the domain of outer
communications of a Schwarzschild space-time.

REMARK 4.5.5 As a corollary of Theorem 4.5.4 one obtains non-existence of
static, IT-regular, vacuum black holes with some components of the horizon
degenerate. As observed in [44], if the space-time dimension is four the result
follows immediately from Theorem 4.2.3 and from simple connectedness of the
domain of outer communications [47], but this does not seem to generalise to
higher dimensions in any obvious way.

4.5.3 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 4.5.4, no such vacuum
solutions exist in the static class. However, the Finstein-Maxwell equations
admit static solutions with several black holes: the Majumdar-Papapetrou so-
lutions. As already described in Section 4.5.3, the metric *g and the electro-
magnetic potential A take the form [102,126] (compare [42,69])

49 = —u2dt? + u?(dx? + dy? + d2?) , A=u"ldt, (4.5.2)
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 (3.6.1)
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-Nordstrém 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 [21, 103,137, 144] (compare [35]°), leads to:

THEOREM 4.5.6 Every domain of outer communications in a static, electro-
vacuum, black hole space-time satisfying the hypotheses of Conjecture 4.5.2 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 [45]:

THEOREM 4.5.7 Every domain of outer communications in a static, electro-
vacuum, black hole space-time satisfying the hypotheses of Conjecture 4.5.2 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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Appendix A

Introduction to
pseudo-Riemannian geometry

A.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:

oy’

X'(z) = X (y) := Xj(x(y))axj

(xz(y)) . (A.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 (A.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 (A.1.2)

129
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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 (A.1.2) can be found by acting on the coordinate functions:

X(2") = X". (A.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(f o) _ df((1) _ dr'(t)
= e = ) ()

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 (A.1.3) and (A.1.2) we have
) Dy
X)) = X7 =
(") 57

reproducing (A.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 (A.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:
(d:ni,3j> = dz:i(aj) = 5; ,

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)]. (A.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 , (A.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 (A.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.

A.2 Tensor products
If ¢ and @ are covectors we can define a bilinear map using the formula
(P ®0)(X,Y) = p(X)0(Y) . (A.2.1)
For example
(dz' @ dz*)(X,Y) = X'Y2.
Using this notation we have
9(X,Y) = g(X'0;,Y70;) = g(0;,0;) X' Y =(gijdr' ®da?)(X,Y)
—_———
(dz'®dzi (X,Y)

We will write da’daz? for the symmetric product,
o 1 . , . A
dx'dr’ := §(d:vZ ® 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 . (A.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 (A.2.1) how to take tensor products for one forms, and
in (A.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

A.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).

A.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 ¢ 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 ¢ 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? (A.3.1)

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

The operation (A.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 (A.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.

A.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”) , (A41)

and differentiate each component 771 j1...j, of T' separately:
X(T) := X0:(T"%, ;)0 @...@0;, ®dr’' @...®dx'" . (A.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 (A.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"

VxiyT =VxT+VyT, Vx(T—I—Y):VxT-i-VXy, (A.4.3)

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

VixT = fVxT, (A.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 . (A.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 (A.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) (A.4.6)

is a new covariant derivative.

We note that the sum of two covariant derivatives is not a covariant deriva-
tive. However, conver 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 (A.4.1), and define

DxT = Z@iXJBj(T“'"ikjlmjé)ﬁi ®...® 8% ® dl‘jl ®...RQ dl’j[ . (A47)

)

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 (A.4.6). Note that (A.4.2)
is a special case of (A.4.7) when there exists a global coordinate system on
M. Thus (A.4.2) does define a covariant derivative. However, the associated
operation on tensor fields will not take the simple form (A.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) (A.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

Uxf=X(f)+wX)f. (A.4.9)

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

determines a unique covariant derivative on functions by (A.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 (A.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 {2 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

[9(X) = 09(Vxey) <= Vxep= I'(X)eq, (A.4.10a)
’Fabc = I‘“b(ec) = Qa(veceb) ‘ = VXeb = Fachcea . (A.4.10b)

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

Mg i= da"(Vo,da) (= V.00 = T8, ) (A4.11)

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 (A.4.5) we find

VxY = Vx(Y%,)
= X(Y%e,+Y*Vxe,
= X(Y%eq + YT (X)ey
X(Y") 4+ T (X)Y")eq
X(Y?) 4+T%.YXe, , (A.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 (A.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.
(A.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 (A.4.9)), but represents
the tensor field VY as in (A.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)]|. (A.4.14)

Let us, first, check that (A.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
(A.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 (A.4.14) so as to satisfy the Leibniz rule under
duality pairing:

X(aY))=(Vxa)(Y)+a(VxY); (A.4.15)

this follows directly from (A.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 (A.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 (A.4.12) of VxY and the definition (A.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) .
(A.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 (A.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 (A.4.17)

Carrying over the last two lines of (A.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 (A.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.

A.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]

, (A.4.18)




A.4. COVARIANT DERIVATIVES 139

where [X, Y] is the Lie bracket defined in (A.1.4). We obviously have
T(X,Y) = -T(Y, X). (A.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 (A.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) CY(HX —[fX,Y].  (A4.20)

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 (A.4.20), as
required.
In a coordinate basis 0, we have [0,,0,] = 0 and one finds from (A.4.11)

Ty = =T(04,00) = (T —T7)05 |, (A.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.

A.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" .,

= oy oukon T oy a7 0L (8.4.23)

— 47 (v
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Summarising,

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

T, =T%, (A.4.24)

Thus, the I‘ijk’s do mnot form a tensor; instead they transform as a tensor plus
a non-homogeneous second derivatives term above.

A.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 A.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)) — g(VxV,Z) = g(Y,VxZ).  (A4.25)

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)). (A.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 (A.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)) . (A.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 (A.4.27),

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

+9(Z,[X,Y]) = g(¥,[X, Z]) — (X, [V, Z])) .(A.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 (A.4.27) with X = 0,, Y = 0g and Z = 0,
29(V405,05) = 29(I"py0y,05)

= 295013y

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

Faﬁ,y = %ga"{ﬁggm + aygag — 8O.g57} . (A.4.29)

A.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?
Vi =0. (A.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 . (A4.31)

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

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

a(ory oz de e
ds \ Oxt )] Oxt ds? B ds ds

=0. (A.4.32)

2Strictly speaking, this should be called a geodesic segment, the name “geodesic” being
reserved to maximally extended solutions of this (A.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 (A.4.30).

It turns out that the left member of the equivalence in (A.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 A.5.2 below for an application.

The Euler-Lagrange equations for (A.4.31) are identical with those of

b
I() = / G E)Nds (A4.33)

but (A.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
(A.4.33), of being reparameterization-invariant, is more than compensated by the
calculational convenience of .Z.

A.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 - VixyZ|, (A.5.1)

where, as elsewhere, [X,Y] is the Lie bracket defined in (A.1.4). We note the
anti-symmetry
R(X,Y)Z = -R(Y,X)Z . (A.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 (A.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 A.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. (A.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 (A.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

R555 = 0,155 — 0515y + T3 1% 55 — 105135 || (A.5.4)

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

THEOREM A.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 [107].

XY
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EXAMPLE A.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 (A.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 A.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 . (A.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" . (A.5.6)

In the important case of vanishing torsion, the coordinate-component equivalent
of (A.5.1) is thus

V.V, X* —V,V, X% = R, X"]|. (A.5.7)

An identical calculation gives, still for torsionless connections,
V.Vyaq —V,Vyaq = =R quas (A.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 (A.5.9)
A.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+ - (A.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, Z,X) + A(Z,X,Y) (A.5.11)
(XY Z]

thus E[ XY 2] is a sum over cyclic permutations of the vectors X,Y, Z. Clearly,
Y AXY,Z)= Y AV, Z,X)= ) AZX)Y). (A.5.12)
(XY Z] (XY Z] (XY Z]

Suppose, first, that X, ¥ and Z commute. Using (A.5.12) together with the
definition (A.4.18) of the torsion tensor 7' we calculate

[Z}R(X,y)z - [Z]<VXVyZ—VyVXZ)
XYZ XYZ
= Z (VXVyZ - VY (VZX +T(X7 Z)) >
(XYZ] 7

we have used [X,Z]=0, see (A.4.18)
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= ) VxWZ- ) VyVzX- > VW(T(X, 2))
XY Z] (XY Z] (XY Z] T(2,X)

|

~~

=0 (see (A.5.12))

(XY Z]

and in the last step we have again used (A.5.12). This can be somewhat re-
arranged by using the definition of the covariant derivative of a higher or-
der tensor (compare (A.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 (A.5.12))

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

Summarizing, we have obtained the first Bianchi identity:

Y RXY)Z= Y ((VXT)(Y, Z)~|—T(T(X,Y),Z)), (A.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 (A.5.13) can be rewritten as

R%gys + R%y55 + R%3, = 0. (A.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
(A.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] XYZ] Z poaxonw

=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 (A.5.15) that the first term cancels out the third one, leading
to
Y (VxR)(Y,Z)W=- Y R(T W, (A.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 (A.5.16) reads

R pyis + B y6: + R popy = O‘ : (A.5.17)

A.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) . (A.5.18)

If one sets

’Rabcd = gaeRebcd s (A519)

then (A.5.18) is equivalent to

Rabcd = Rcdab . (A520)
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We will present two proofs of (A.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 A.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

959ap =0 (A.5.21)
at p, while preserving the degree of differentiability of g.

REMARK A.5.4 The properties spelled-out above do of course hold in the nor-
mal 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 o 0

—, — ) =9l =—,=— ) =N - A.5.22

g(@x“’@xb) © af bg(@y“ ay”) flab ( )

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 17 le% 164
() = 0) + g (0) (A0 + A%, )
09w
= 8;P 0)+ Avpp + Ay (A.5.23)

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

It remains to show that we can choose A?g, so that the left-hand-side can
be made to vanish at p. An explicit formula for A,3, can be obtained from
(A.5.23) by a cyclic permutation calculation similar to that in (A.4.26). After
raising the first index, the final result is

o _ 1 ., [098y Ogsp 0Ogpy .
ABW_Qgp{ﬁwP_Gaﬂ_axﬁ ©0);

the reader may wish to check directly that this does indeed lead to a vanishing
right-hand-side of (A.5.23). O

We are ready now to pass to the proof of (A.5.20). We suppose that the
metric is twice-differentiable, by point 2. of Proposition A.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 (A.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 - 8586907 + aéacrgﬁ'y } .

Equivalently,

1
Raﬁ'y5(0) = 5{878,3906 - 87809,6’5 - aéaﬂga'y + 8580957}(0) (A'5‘24)

This last expression is obviously symmetric under the exchange of o3 with ~d,
leading to (A.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= vavbgccl - vbva.gcd = *Recabged - Redabgce s (A525)
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 (A.5.20) follows now by adding the first two and subtract-
ing the last two equations, using (A.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. (A526)

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
(A.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.

A.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 (A.6.1)
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g OW* Brrra
= 4P 58 _,_puaﬁfyﬁw (A.6.2)
= v, (A.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 (A.6.4)
oW
= Z°PVwh. (A.6.6)

Note that since s — (s, \) is a geodesic we have from (A.6.1) and (A.6.3)

D27u . DA 32711

.:7:.04 a'//': F'ua -,3-01: . A
72 T =1V 5, T Las¥" 9" =0 (A.6.7)
Further,
Va2t = 2 = V0 = O Dot = 2 = Vg
(A.6.3) (A.6.6)
(A.6.8)
In other words,
ViZ =Vz7. (A.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 (A.6.9), resulting in

D?z+
ds?

(8) = Rapo"y*ZP4° . (A.6.10)

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

D27
=2 R(A.2)A|. A6.11
e (¥, 2)% ( )

Solutions of (A.6.11) are called Jacobi fields along .
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A.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; ) (A.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 , (A.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

wh(X) :=60%(Vxey) <= Vxep=w"%X)e, . (A.7.3)
As always we use the metric to raise and lower indices, so that

Wabe = gadwebc y Wb 1= gaeweb . (A74)

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 = —Wha <~ Wabe = —Whae ‘ . (A75)

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) . (A.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 (A.7.5) we obtain

1

Wabe = (g(ea, [ec, eb]) — glep, [eas ec]) — glec, [ew, ea])) ) (A.7.7)

Equation (A.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 A.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

do(X,Y) = X(a(Y)) = Y(a(X)) — a([X,Y]) . (A.7.8)

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

and using (A.7.8) together with the definition (A.4.18) of the torsion tensor T'
we calculate as follows:
T(X,Y) = 04(VxY —-VyX —[X,Y])
X(Y™) 4w (X)Y? = Y (X) —w(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 . (A.7.9)

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

do® 4wy ANG° = 0. (A.7.10)

ExXAMPLE A.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? . (A.7.11)
There is an obvious choice of ON coframe for g given by
o' = ePMdr, 92 =e7dp | 63 = 7 sinbdy | (A.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 (A.7.5), the compatibility with the metric will be ensured
if we require

w1l = wz = w33z =0,

Wig = —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
whyo! — 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 (A.7.13a)
why = —4eP0% = —y/e P sinfdp (A.7.13b)
w?s = —e YcotfH = —cosfdy. (A.7.13¢c)

It is convenient to define curvature two-forms:
a 1 a c d
Q% = iR bedtd N OY . (A.7.14)

The second Cartan structure equation then reads

Q% = dw, + w A w |. (A715)
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This identity is easily verified using (A.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 (A.7.15) provides an efficient way of calculating the curvature tensor
of any metric.

EXAMPLE A.7.1 CONTINUED: From (A.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, (A.7.16)

A similar calculation, or arguing by symmetry, leads to

Rlgi3 = —(y/e ) e P, (A.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

R2323 = 6_2’Y - (7’)26_26 . (A718)
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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 — (7)2e?P) . (A.7.19)
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