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Part 1

The Einstein equations






Chapter 1

The Einstein equations

1.1 The nature of the Einstein equations
The vacuum FEinstein equations with cosmological constant A read
Gap+Agop =0, (1.1.1)

where G4 is the Einstein tensor,

1
Gap = Rop — §Rg“5 , (1.1.2)

while R,z is the Ricci tensor and R the scalar curvature. We will sometimes
refer to those equations as the vacuum Finstein equations, regardless of whether
or not the cosmological constant vanishes. Taking the trace of (1.1.1) one

obtains
2(n+1)

R= n—1

A, (1.1.3)

where, as elsewhere, n + 1 is the dimension of space-time. This leads to the
following equivalent version of (1.1.1):

2A
n—1

Ric = g. (1.1.4)
Thus the Ricci tensor of the metric is proportional to the metric. Pseudo-
Lorentzian manifolds the metric of which satisfies Equation (1.1.4) are called
Finstein manifolds in the mathematical literature; see, e.g., [25].

Given a manifold .#, Equation (1.1.1) or, equivalently, Equation (1.1.4)
forms a system of partial differential equations for the metric. Indeed, recall
that

Ty = 59°° (9890 + Oy9op — 0o9py) (1.1.5)
Roz,b’ = R’Ya'yﬁ . (117)

We see that the Ricci tensor is an object built out of the Christoffel symbols and
their first derivatives, while the Christoffel symbols are built out of the metric

3



4 CHAPTER 1. THE EINSTEIN EQUATIONS

and its first derivatives. These equations further show that the Ricci tensor
is linear in the second derivatives of the metric, with coefficients which are
rational functions of the g,4’s, and quadratic in the first derivatives of g, again
with coefficients rational in g. Equations linear in the highest order derivatives
are called quasi-linear, hence the vacuum Einstein equations constitute a second
order system of quasi-linear partial differential equations for the metric g.

In the discussion above we have assumed that the manifold .# has been
given. Such a point of view might seem to be too restrictive, and sometimes it
is argued that the Einstein equations should be interpreted as equations both
for the metric and the manifold. The sense of such a statement is far from
being clear, one possibility of understanding that is that the manifold arises
as a result of the evolution of the metric g. We are going to discuss in detail
the evolution point of view below, let us, however, anticipate and mention the
following: there exists a natural class of space-times, called mazimal globally
hyperbolic, which are obtained by the vacuum evolution of initial data, and
which have topology R x ., where . is the n-dimensional manifold on which
the initial data have been prescribed. Thus, these space-times have topology
and differentiable structure which are determined by the initial data. It turns
out that the space-times so constructed are sometimes extendible. Now, there do
not seem to exist conditions which would guarantee uniqueness of extensions
of the maximal globally hyperbolic solutions, while examples of non-unique
extensions are known. Therefore it does not seem useful to consider the Einstein
equations as equations determining the manifold beyond the maximal globally
hyperbolic region. We conclude that in the evolutionary point of view the
manifold can be also thought as being given a priori, namely .# = R x .¥.
We stress, however, that there is no natural time coordinate which can always
be constructed by evolutionary methods and which leads to the decomposition
M =R x 7.

Now, there exist standard classes of partial differential equations which are
known to have good properties. They are determined by looking at the algebraic
properties of those terms in the equations which contain derivatives of highest
order, in our case of order two. Inspection of (1.1.1) shows (cf., e.g., [75]) that
this equation does not fall in any of the standard classes, such as hyperbolic,
parabolic, or elliptic. In retrospect this is not surprising, because equations
in those classes typically lead to unique solutions. On the other hand, given
any solution g of the Einstein equations (1.1.4) and any diffeomorphism ®, the
pull-back metric ®*g is also a solution of (1.1.4), so whatever uniqueness there
might be will hold only up to diffeomorphisms. An alternative way of describing
this, often found in the physics literature, is the following: suppose that we have
a matrix g, (z) of functions satisfying (1.1.1) in some coordinate system z*.
If we perform a coordinate change z#* — y*(x*), then the matrix of functions
Gap(y) defined as

Gy (1) = Gos(y) = guu<x<y>>§j:§§; (1.1.8)

will also solve (1.1.1), if the z-derivatives there are replaced by y-derivatives.
This property is known under the name of diffeomorphism invariance, or co-
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ordinate invariance, of the Einstein equations. Physicists say that “the diffeo-
morphism group is the gauge group of Einstein’s theory of gravitation”.

Somewhat surprisingly, Choquet-Bruhat [68] proved in 1952 that there exists
a set of hyperbolic equations underlying (?7?). This proceeds by the introduction
of so-called “harmonic coordinates”, to which we turn our attention in the
next section. Before doing that, let us pass to the derivation of a somewhat
more explicit and useful form of the Einstein equations. In index notation, the
definition of the Riemann tensor takes the form

V.V, X =V, V, X% = R%,, X" . (1.1.9)
A contraction over « and p gives
VoV X® ~V, Vo X = R, X7 . (1.1.10)
Suppose that X is the gradient of a function ¢, X = V¢, then we have
VoXP =VoVP=VV,0,
because of the symmetry of second partial derivatives. Further
Vo X*=040,

where we use the symbol
Dk = VMV“

to denote the wave operator associated with a Lorentzian metric k; e.g., for a
scalar field we have

1

—0 —det g, 09"
Nermreia Jord

For gradient vector fields (1.1.10) can be rewritten as

Ogp =V, VFg = Y0, ) . (1.1.11)

VoaVeV,h — V,VaVeh = Rg, VP,

or, equivalently,
Ogd¢ — d(Og¢) = Ric(Ve,-) , (1.1.12)

where d denotes exterior differentiation. Consider Equation (1.1.12) with ¢
replaced by y#, where y* is any collection of functions,

Ogdy? = d\* + Ric(Vy4, ) , (1.1.13)
M=0.4. (1.1.14)

Set
g1P = g(dyA,dyB) : (1.1.15)

this is consistent with the usual notation for the inverse metric except that we
haven’t assumed (yet) that the y4’s form a coordinate system. (Furthermore,
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for simplicity we write ¢ instead of ¢° for the metric on T*M .) By the chain
rule we have

09" = V. V*(g(dy”, dy®))

Vu(g(VFdy?, dy®) + g(dy?, V*dy®))

9(0gdy™, dy®) + g(dy™, 0,dy®) + 29(V .y, VHdy?)

= g(d\, dy®) + g(dy?, dNP) + 2g(V udy?, VFdy®)
+2Ric(Vyt, vyP) . (1.1.16)

Let us suppose that the functions y“ solve the homogeneous wave equation:
M=g4=0. (1.1.17)
The Einstein equation (1.1.4) inserted in (1.1.16) implies then

4N g

EAB = 0,918 — 29(V,dy?, VHdyP) — —9 (1.1.18a)
- 0. (1.1.18b)
Now,
Vildy®) = V(09" dz")
= (0,0,y" — 19,0,y dz" . (1.1.19)

Suppose that the d¢?’s are linearly independent and form a basis of T*.#, then
(1.1.18b) is equivalent to the vacuum Einstein equation. Further we can choose
the y’s as coordinates, at least on some open subset of .#Z; in this case we
have

OayB =068,  0adcy® =0,

so that (1.1.19) reads
Vedy? = —Tcdy© .
This, together with (1.1.18b), leads to

4A
0,978 — 2g°PgPFTA, TB, — — AB — . (1.1.20)

Here the I“gc’s should be calculated in terms of the gap’s and their derivatives
as in the usual equation for the Christoffel symbols, and the wave operator
O, is understood as acting on scalars. We have thus shown that in “wave
coordinates”, as defined by the condition \* = 0, the Einstein equation forms a
second-order quasi-linear wave-type system of equations (1.1.20) for the metric
functions ¢4Z. This gives a strong hint that the Einstein equations possess
a hyperbolic, evolutionary character; this fact will be fully justified in what
follows.
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Another completely explicit form without imposing any coordinate conditions, which
is not very enlightening, and fortunately almost never needed, reads

_ L0 (s | 99w 99un | Ogpn |\ _ O ([ 5,99sn
Rulg] = 2{8x5 (g [ 021 | Dar T D oze \9 oav

1 AT 095 OGxn 0gxs 5n agun 89;)7] agpu
3 {g (8$)‘ T o " am )9 0zp | Dzv | Da

*gA” <395n + agpn agp5> g‘s” (agmr 09 39)\1/)} .

ozP 0z ox"

oz + dzv Oz

(1.1.21)

It should be kept in mind that the coefficients ¢°” of the matrix (g°") inverse to (g,.,,)
take the form ¢%7 = (det(guu))ilp‘sn, with p®"’s being homogeneous polynomials,
of degree one less than the dimension of the manifold, in the g, ’s.

It turns out that (1.1.18b) allows one also to construct solutions of Einstein
equations [68], this will be done in the following sections.

Before analyzing the existence question, it is natural to ask the following: given
a solution of the Einstein equations, can one always find local coordinate systems
y* satisfying the wave condition (1.1.17)? The answer is yes, the standard way of
obtaining such functions proceeds as follows: Let . be any spacelike hypersurface
in . ; by definition, the restriction of the metric g to T.¥ is positive non-degenerate.
Let & C . be any open subset of ., and let X be any smooth vector field on .Z,
defined along &, which is transverse to .#; by definition, this means that for each
p € O the tangent space T,.# is the direct sum of T),.# and of the linear space
RX (p) spanned by X (p). (Any timelike vector X would do — e.g., the unit normal
to . — but transversality is sufficient for our purposes here.) The following result
is well known, though difficult to locate in the literature:

THEOREM 1.1.1 For any smooth functions f, g on O C ./ there exists a unique
smooth solution ¢ defined on 2(0) of the problem

D=0, dle=f, X(@)lo=g-.

Once a hypersurface . has been chosen, local wave coordinates adapted to
may be constructed as follows: Let & be any coordinate patch on . with coordinate
functions 2, i = 1,...,n, and let €® be the field of unit future pointing normals to
0. On 2(0) define the y*’s to be the unique solutions of the problem

DgyA:07
¥le=0, W)e=1, (1.1.22)
Yo =a", y)le=0, i=1,...,n. (1.1.23)

We note that there is a considerable freedom in the construction of the y*’s (because
of the freedom of choice of the x%’s), but the function y° is defined uniquely by .7.
Since the z'’s form a coordinate system on ¢, a simple application of the implicit
function theorem shows that there exists a neighborhood % C 2(0) of & which is
coordinatized by the y4’s.
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1.2 Existence local in time and space in wave coor-
dinates

Let us return to (1.1.16). Assume again that the y*’s form a local coordinate
system, but do not assume for the moment that the y*’s solve the wave equa-
tion. In that case (1.1.16) together with the definition (1.1.18a) of E4Z lead
to

1 2A
RAB — 5(EAB — gAC0cAP — gBY9c AN + —— A8 . (1.2.1)
For the purpose of the calculations that follow, it turns out to be convenient to
treat the index A on the \’s as a vector index, and change the partial derivatives
in (1.2.1) to vector-covariant ones:

n—1

EAB _ gA08C>\B _ gBC’aC)\A —
EAB +gACPBCD)\D + gBCFACD)\D

-~

_.AB
— g% OcAB +TBopAP) — gBC 0 A + T4cpAP) . (1.2.2)
One can then rewrite (1.2.1) as
AB _ 1 paB A\B ByA 2A 4m

The idea, due to Yvonne Choquet-Bruhat [68], is to use the hyperbolic character
of the equation X
EAB = (1.2.4)

to construct a metric g. If we manage to make sure that A vanishes as well, it
will then follow from (1.2.1) then g will also solve the Einstein equation. The
following result is again standard:

THEOREM 1.2.1 For any initial data
gAByt0) e HY | 959?B(y,0) € HF | k>n/2, (1.2.5)

prescribed on an open subset & C {0} x R™ C R x R™ there exists a unique
solution g8 defined on an open neighborhood % C R x R™ of & of (1.2.4).
The set % can be chosen so that gAB defines a Lorentzian metric, with (% ,g)
— globally hyperbolic with Cauchy surface O'.

REMARK 1.2.2 The results in [98-100,152] and references therein allow one to
reduce the differentiability threshold above.

It remains to find out how to ensure the conditions (1.1.17). The key ob-
servation of Yvonne Choquet-Bruhat is that (1.2.4) and the Bianchi identities
imply a wave equation for A’s. In order to see that, recall that it follows from
the Bianchi identities that the Ricci tensor of the metric g necessarily satisfies
a divergence identity:

VA<RAB_ §9A8> _0.
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Assuming that (1.2.4) holds, (1.2.1) implies then
0 = —Va(VN + VAN - VeaCgtP)
=~ (BN £ VLVEN - VAV

= —(D)\B —|—RBA)\A) . (1.2.6)

This shows that A\* necessarily satisfies the second order hyperbolic system of
equations
oM+ RE N =0, (1.2.7)

Now, it is a standard fact in the theory of hyperbolic equations that we will
have

M =0

on the domain of dependence 2(&) provided that both A and its derivatives
vanish at 0.

REMARK 1.2.3 Actually the vanishing of A := (A*) as above is a completely stan-
dard result only if the metric is C'; this is proved by a simpler version of the
argument that we are about to present. But the result remains true under the
weaker conditions of Theorem 1.2.1, which can be seen as follows. Consider initial
data as in (1.2.5), with some k € R satisfying k > n/2. Then the derivatives of the
metric are in L™,

09| < C,

for some constant C which, in the calculation below, might change from line to line.
Let .% be a foliation by spacelike hypersurfaces of a conditionally compact domain
of dependence P(#), where 7 is a subset of the initial data surface .. When A
vanishes at .7, a standard energy calculation for (1.2.7) gives the inequality

t
M2, < C / 1+ [RicDIA + (1 + [9gDIOA Al 11, ds

IN

t
C/O (12 + RicD)All 2 () 10M L2 + 1M F1 (5 ) ds

t
< 0 [ (10 Rl sy + I ) ds - (128
We want to use this inequality to show that A vanishes everywhere; the idea is
to estimate the integrand by a function of ||A||%, (), the vanishing of A follows
then from the Gronwall lemma. Such an estimate is clear from (1.2.8) if |Ric| is
in L, which proves the claim for metrics in C':!, but is not obviously apparent
for less regular metrics. Now, the construction of g in the course of the proof of
Theorem 1.2.1 provides a metric such that dg|s, € H* and Ric|s, € H*"1. By
Sobolev embedding for n > 2 we have [10]

M zr(s) < CliME (2

where p = 2n/(n — 2). We can thus use Holder’s inequality to obtain

[IRic|A || 2o,y < [[Ricllzn(op [MlLr () < ClRicllpn o) Az (5, -
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Equation (1.2.8) gives thus

t
M2y, < C / (14 [Ricl o () 1N B s s

which is the desired inequality provided that ||Ric|
Sobolev,

Ln(s,) is finite. But, again by

1 1 k—1
[Ric|lzr(s,) < C|IRic| gr-1(5,) provided that ’ > 3T

and we see that Ric € L"™(.%;) will hold for k > n/2, as assumed in Theorem 1.2.1.

REMARK 1.2.4 There exists a simple generalization of the wave coordinates con-
dition Ogx# = 0 to
DgyA = )\A(yB,x”,gab)) ) (1.2.9)

In lieu of solving the equation E4B = 0 one solves
EAB = vANE 4 B (1.2.10)

There exists a variation of Theorem 1.2.1 that applies to this equation as well.
Equation (1.2.3) can then be rewritten as

n—17
(1.2.11)
This allows one to repeat the calculation (1.2.6), with A* there replaced by A4 — A4,
There remains the easy task to adapt the calculations that follow, done in the

case A = 0, to the modified condition (1.2.9), leading to initial data satisfying the
right conditions.

1 - o o o o
RAB — §(EAB_vA)\B_vB}\A)_vA(AB_)\B)_vB()\A_)\A)+
=0

REMARK 1.2.5 We can further generalize to include matter fields. Consider, for
example, a set of fields ¢!, i = 1,..., N, for some N € N, satisfying a system of
equations of the form

Dgv! = F'(¢”, 007, 9,09) . (1.2.12)

We assume that there exists an associated energy-momentum tensor
T (7,007, 9,89)
which is identically divergence-free when (1.2.12) hold:
vV, T" =0.

Allowing (1.2.9), instead of solving the equation EAB = () one solves

. . . G
BAP = VAN 4 VPA 4+ 167 (TAB - mgCDTCDgAB) . (1.2.13)

Theorem 1.2.1 applies to this equation as well. Equation (1.2.3) can then be rewrit-

ten as
1/ - o 0 G 1
RAB  _ 7(EAB _yARB _yBAA _ 167 (TAB _ gCDTCDgAB> )
2 c n—1
=0

—VAWE = AB) - vEOA - 34

2A G 1
+mgAB + 877074 (TAB — ngCDTCDgAB> . (1214)
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Because T4 has identically vanishing divergence by hypothesis, one can again
repeat the calculation (1.2.6), with A\? there replaced by A4 — A4, As before, the
right initial data will lead to a solution with \4 = )O\A, and hence to the desired
solution of the Einstein equations with sources.

We return to the vanishing of A4 and its derivatives on .. It is convenient
to assume that y° is the coordinate along the R factor of R x R”, so that set &
carrying the initial data is a subset of {y¥ = 0}; this can always be done. We
have

1
Oy! = ———=0d5(/Idetglg"“dcy”
y doia B< | det g|g”™ Ocy )
— 71 83( ]detg|gBA>.

/| det g|

So Oy will vanish at the initial data surface if and only if certain time deriva-
tives of the metric are prescribed in terms of the space ones:

60< |detg|gOA> = —al-( |detg|giA) . (1.2.15)

This implies that the initial data (1.2.5) for the equation (1.2.4) cannot be
chosen arbitrarily if we want both (1.2.4) and the Einstein equation to be si-
multaneously satisfied.

It should be emphasized that there is considerable freedom in choosing the
wave coordinates, which is reflected in the freedom to adjust the initial values of
¢*4’s. A popular choice is to require that on the initial hypersurface {y* =0}
we have

¢ =-1, gY=o0, (1.2.16)

and this choice simplifies the algebra considerably. (We show that (1.2.16) can
always be imposed in Proposition 1.4.1 below.) Equation (1.2.15) determines
then the time derivatives 80g0A|{yo:0} needed in Theorem 1.2.1, once gij‘{yO:O}
and 8og¢j|{yo:0} are given. So, from this point of view, the essential initial data
for the evolution problem become the space metric

9= gijdy'dy’ |

together with its time derivatives.

It turns out that further constraints arise from the requirement of the van-
ishing of the derivatives of A. Supposing that (1.2.15) holds on {y* = 0} —
equivalently, supposing that A vanishes on {y° = 0}, we then have

IN =0

on {y° = 0}, where the index i is used to denote tangential derivatives. In order
that all derivatives vanish initially it remains to ensure that some transverse
derivative does. A transverse direction is provided by the field NV of unit timelike
normals to {y° = 0} and, as we are about to show, the vanishing of VyA can
be expressed as

(G + Mg )N = 0. (1.2.17)
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For this, it is most convenient to use an ON frame e, with eg = N. It follows
from the equation Eqp = 0 and (1.2.1) that

G;w + Aguu = - (v,u)\u + vu)\,u - va)\ag/w) )
which gives

- (Guu + Aguu) NENY = 2VoAg — V*Aq 900
=1

= 2VoAo + (—Vo)\o + Vz‘/\i)

—~—

=0
= Voo, (1.2.18)

which shows that the vanishing of V) is equivalent to the vanishing of the
p =0 component in (1.2.17). Finally

- (Gio + Agio) = Vixo+VoXi — VA4 gio
-0 -0
— VoM, (1.2.19)

as desired.

Equations (1.2.17) are called the general relativistic constraint equations.
We will shortly see that (1.2.15) has quite a different character from (1.2.17);
the former will be referred to as a gauge equation.

Summarizing, we have proved:

THEOREM 1.2.6 Under the hypotheses of Theorem 1.2.1, suppose that the ini-
tial data (1.2.5) satisfy (1.2.15), (1.2.16) as well as the constraint equations
(1.2.17). Then the metric given by Theorem 1.2.1 on the globally hyperbolic set
U satisfies the vacuum Einstein equations.

In conclusion, in the wave gauge A = 0 the Cauchy data for the vacuum
Einstein equations consist of

1. An open subset & of R™,

2. together with matrix-valued functions g4B, 9ygP prescribed there, so
that ¢g4% is symmetric with signature (—, +,---,+) at each point.

3. The constraint equations (1.2.17) hold, and

4. the algebraic gauge equation (1.2.15) holds.

So far we have been using the notation y* for the wave coordinates. Let us assume
that those coordinates are used, and let us revert to our standard notation, z*, for
the local coordinates. In this notation, (1.1.20) can be rewritten as

AN,
gb’

— (1.2.20)

peB — Dggaﬁ _ 297596¢F36F§¢ _
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(recall that we want this to be zero in vacuum). Set

v = 4/|det gugl, g°f = pg?? . (1.2.21)

In terms of g, the wave conditions take the particularly simple form
Dag™® =0. (1.2.22)

It is therefore convenient to rewrite Einstein equations as a system of wave equations
for g®. In order to do that, we calculate as follows:

1 « 1 (e}
8u<p = 8u (\/ |det gaﬂ) = 5 \/ |det ga,3|g ﬁa;tgaﬁ = _5 \/ |det gaﬂ'Qaﬁaug g

1 o
= —5%9a80.9 2,
1 o
Ogp = V'Oup=—5V" (09050.9"")

1
= *§<V“¢gaﬁc‘9ﬂg“5 +09" 0,9050u9°" + 905 Dgg”” )
—

—20u¢/¢ =E*f+..
—1lop ¥ n% af af v8 eppa B 4A af
= ¢V waw—5<g 309au9"" + gas (B +297°g else + —79 ))7
Dggo‘ﬂ = gp\jgga’@—i—?V”gaaugaﬂ—l—DggpgaB.

Thus, in harmonic coordinates,

« (e} € « 4A (e} (e}
O,0%7 = (B +297°9TS 15, + ——9°7) +2V"90,9°°
— SO v loa g € g A g «
0TIV 000 = £ (" 0090 0u" + 9o (B + 297 UTE TG, + —g” )>] A

(1.2.23)

also note that the A terms can be grouped together to —2Ag®”.
Next, it might be convenient instead to write directly equations for g, rather
than g"”, or g"”. For this, we use again gaggm = J to obtain

Osgap = —9ar9p5059"° ,
gpaapaogaﬂ = _gpa (apga'ygﬂéaagm; + goz'yapgﬁéaagmS
+go¢'ygﬁ§apaagws) )

= —g” (8pga'ygﬁéaag’y§ + ga'yapgﬂéaagwé)
—9av9p6 gpaapagg“/é s
———
Ogg7°+T2,9x97°
UeGap = gpaapaagaﬁ - Fg,(a@ogaﬁ .

One can use now the formula (1.2.20) expressing Dgg”"s in terms of E*? to obtain
an expression for R,g. In particular one finds

1
Rag = —§Dggalg — Gau VA — g Vol + ..., (1.2.24)

« ki

where stands for terms which do not involve second derivatives of the metric.
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1.3 The geometry of spacelike submanifolds

Let . be a hypersurface in a Lorentzian or Riemannian manifold (.Z, g), we
want to analyze the geometry of such hypersurfaces. Set

h:=g|lrs . (1.3.1)

More precisely,

VX, YeTY h(X,Y):=g(X,Y).
The tensor field h is called the first fundamental form of .; when non-degenerate,
it is also called the metric induced by g on h. If . is considered as an abstract
manifold with embedding i : ./ — .#, then h is simply the pull-back i*g.

A hypersurface . will be said to be spacelike at p € . if h is Riemannian
at p, timelike at p if h is Lorentzian at p, and finally null or isotropic or lightlike
at p if h is degenerate at p. . will be called spacelike if it is spacelike at all
p € .7, etc. An example of null hypersurface is given by J(p) \ {p} for any
p € M, at least near p where J(p) \ {p} is differentiable.

When ¢ is Riemannian, then h is always a Riemannian metric on ., and
then 7.7 is in direct sum with (7.%)*. Whatever the signature of g, in this
section we will always assume that this is the case:

TSN (TL)={0) = TH=TSa(TS)". (1.3.2)

Recall that (1.3.2) fails precisely at those points p € . at which h is degener-
ate. Hence, in this section we consider hypersurfaces which are either timelike
throughout, or spacelike throughout. Depending upon the character of % we
will then have

e:=¢g(N,N)==1, (1.3.3)

where N is the field of unit normals to ..
Forpe T let P: T, # — T, # be defined as

Tyt > X - P(X)=X —eg(X,N)N . (1.3.4)
We note the following properties of P:
e P annihilates N:

P(N) = P(N —eg(N,N)N) = P(N) — P(N) =0.

e P is a projection operator:
P(P(X)) = P(X —eg(X,N)N)
P(X)—eg(X,N)P(N)=P(X).
e P restricted to N is the identity:

g(X,N)=0 = PX)=X.



1.3. THE GEOMETRY OF SPACELIKE SUBMANIFOLDS 15

e P is symmetric:

g(P(X),Y) = g(X,Y) —eg(X, N)g(Y, N) = g(X, P(Y)) .

The Weingarten map B : T.Y — T.¥ is defined by the equation
T7>5X — BX)=PNVxN)eTs CTH# . (1.3.5)

Here, and in other formulae involving differentiation, one should in principle

choose an extension of N off .#; however, (1.3.5) involves only derivatives in

directions tangent to ., so that the result will not depend upon that extension.
In fact, the projector P is not needed in (1.3.5):

P(VxN)=VxN .
This follows from the calculation

0=X(g9(N,N)) =29(VxN,N),
0

which shows that Vx N is orthogonal to IV, hence tangent to .&.
The map B is closely related to the second fundamental form K of .7, also
called the extrinsic curvature tensor in the physics literature:

T 3X,Y — K(X,Y):=¢(P(VxN),Y) (1.3.6a)
—g(B(X),Y) . (1.3.6b)

It is often convenient to have at our disposal index formulae, for this purpose
let us consider a local ON frame {e,} such that ey = N along .. We then
have

g = diag(—1,+1,...,+1)

in the case of a spacelike hypersurface in a Lorentzian manifold.
Using the properties of P listed above,

Kij = K(e“(i]) ( (VelN)7 ): (P(P(veiN))ﬂej)

= g(P(Ve,N), P(ej)) = h(P(Ve,N),ej) = h(Bie, e5)

= Tl B, (1.3.7)
B*, = ©f(B(e)), (1.3.8)

where {¢*} is a basis of T*.7 dual to the basis {P(e;)} of T.. Equivalently,
z = hk jl ’

and it is usual to write the right-hand side as K*;.
Let us show that K is symmetric: first,
K(X,)Y) = g(VxN,Y)
= X(gNV,Y)) = g(N,VxY) . (1.3.9)
——

=0
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Now, V has no torsion, which implies
VxY =VyX - [X,Y].

Further, the commutator of vector fields tangent to . is a vector field tangent
to &, which implies

VX,YeT.” g(N,[X,Y])=0.
Returning to (1.3.9), it follows that
K(X,Y)=—g(N,VyX - [X,Y]) = —g(N,VyX) ,
and the equation
KX, Y)=K(Y,X)

immediately follows from (1.3.9).
To continue, for X,Y — sections of T.¥ we set

First, we claim that D is a connection: Linearity with respect to addition in all
variables, and with respect to multiplication of X by a function, is straightfor-
ward. It remains to check the Leibniz rule:

Dx(aY) = P(Vx(aY))
= P(X(a)Y +aVyxY)
= X(o)P(Y)+aP(VxY)
= X(o)Y +aDxY .
It follows that all the axioms of a covariant derivative on vector fields are
fulfilled, as desired. It turns out that D is actually the Levi-Civita connection
of the metric h. Recall that the Levi-Civita connection is determined uniquely

by the requirement of vanishing torsion, and that of metric-compatibility. Both
results are straightforward:

DxY —DyX =P(VxY —VyX)=P(X,Y]) = [X,Y];

in the last step we have again used the fact that the commutator of two vector
fields tangent to . is a vector field tangent to .#. In order to establish metric-
compatibility, we calculate for all vector fields X, Y, Z tangent to .7

X(hY,2) = X(g(Y,2))

= 9(VxY,Z)+g(Y,VxZ)

— 9(VxY, P(2)) + g(P(Y),VxZ)
X

= g(P(VxY),Z) +g(Y,P(VxZ))
P is symmetric

= 9(DxY,Z)+g(Y,DxZ)

= h(DxY,Z)+h(Y,DxZ) .




1.3. THE GEOMETRY OF SPACELIKE SUBMANIFOLDS 17

Equation (1.3.10) turns out to be very convenient when trying to express the
curvature of A in terms of that of ¢g. To distinguish between both curvatures let
us use the symbol p for the curvature tensor of h; by definition, for all vector
fields tangential to .,

p(X,Y)Z = DxDyZ—DyDxZ — Dixy|Z
_ P(VX(P(VyZ)) — Vy(P(Vx2)) — V[X,Y]Z) :
Now, for any vector field W (Not necessarily tangent to .#’) we have
P(Tx(P(W)) = P(Vx(W = eg(N,W)N))
- P(VXW — X (g(N, W))n —eg(N, W)Vxn>
P(N)=0
- P(VXW) ~ eg(N, W)P(Vxn>
- P(VXW) — eg(N,W)B(X) .
Applying this equation to W = Vy Z we obtain
P(Vx(P(Vy2))) = P(VxVyZ)-eg(N,VyZ)B(X)
— P(VxVyZ)+eK(Y,Z)B(X),
and in the last step we have used (1.3.9). It now immediately follows that
p(X,Y)Z = P(R(X,Y)Z) + e(K(Y, Z)B(X) - K(X, Z)B(Y)) . (13.11)

In an adapted ON frame as discussed above this reads

plike = Rijpe + e(K'p K jo — K Kp) | (1.3.12)

Here K% is the tensor field K;; with an index raised using the contravariant
form h# of the metric h, compare (1.3.7).

We are ready now to derive the general relativistic scalar constraint equation:
Let p;; denote the Ricci tensor of the metric h, we then have

pie = Pl
= Ry  +e(K'/Kj — K" Kj;)
—~—
=R =R joe
= Rj— Rojog + e(trhKKjg — Kingi) .
Defining R(h) to be the scalar curvature of h, it follows that

R(h) = p;
= Rij  — RYy +e(tr,KK7; — KYK};)
~ S~
:R“H—Roo :ROHOM
= Rg)—2 R% +e((tnn]0)* — |K[})

=eRoo

—  _16meThy + 2A + e((trhK)2 _ \Kﬁ) ,
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and we have used the Einstein equation,

1 G
R/ﬂ, — §Rg#1j + Ag#y = 87T674TNV s (1313)
with G = ¢ = 1. Assuming that e = —1 we obtain the desired scalar constraint:
R(h) = 167T,,, NP NV + 2\ + |K|? — (tr,K)?|. (1.3.14)

(We emphasise that this equation is valid whatever the dimension of .#.) In
particular in vacuum, with A = 0, one obtains

R(h) = |K|? — (tr,K)?% . (1.3.15)

The vector constraint equation carries the remaining information contained
in the equation G, N#* = 0. In order to understand that equation let ¥ be
tangent to ., we then have

GuN"Y" = (R %R(g)gw) NHYY
= Rie(N,¥) ~ S R(g)g(N)
= Ric(N,Y). (1.3.16)
We will relate this to some derivatives of K. By definition we have
(DzK)(X,)Y)=Z(K(X,Y)) - K(DzX,Y)—- K(X,DzY) .
Now,
Z(K(X,Y)) = Z(g(VxN,Y)) =g(VzVxN,Y)+g(VxN,VzY).

Since Vx N is tangential, and P is symmetric, the last term can be rewritten
as

g(VxN,VzY) = g(P(VxN),VzY)=g(VxN,P(VzY))
= K(X,P(VzY))=K(X,DzY).
It follows that
(DzK)(X,Y) = (DxK)(Z,Y)
= g(VzVxN,Y)—-g(VxVzn,Y)+ K(X,DzY)—- K(Z,DxY)
—-K(DzX,Y)-K(X,DzY)+ K(DxZ,Y)+ K(Z,DxY)
= g(R(Z, X)N,Y) +g(Vizxn,Y)-K(DzX — DxZ,Y)
~—_—— S——
K([Z,X],Y) [2.X]
Thus,

(DzK)(X,Y) — (DxK)(Z,Y) = g(R(Z,X)N,Y) . (1.3.17)
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In a frame in which the e;’s are tangent to the hypersurface .#, this can be
rewritten as
DkKij — Dsz] = jukiNﬂ . (1318)

A contraction over i and j gives then
h(DyKij — DiKy;) = h” Rjori + € Rooko = " Ruokw = — Rio -
0

Using the Einstein equation (1.3.13) together with (1.3.16) we obtain the vector
constraint equation:

D;K7), — DyK7; = 87T, N*hY), . (1.3.19)

1.4 Cauchy data

Let us return to the discussion of the end of Section 1.1. We shall adopt a
slightly general point of view than that presented there, where we assumed
that the initial data were given on an open subset & of the zero-level set of the
function y°. A correct geometric picture here is to start with an n-dimensional
hypersurface ., and prescribe initial data there; the case where . is @ is thus
a special case of this construction. At this stage there are two attitudes one
may wish to adopt: the first is that . is a subset of the space-time .# — this
is essentially what we assumed in Section 1.3. Another way of looking at this
is to consider . as a hypersurface of its own, equipped with an embedding

1. — M.

The most convenient approach is to go back and forth between those points of
view, and this is the strategy that we will follow.

As made clear by the results in Section 1.3, the metric h is uniquely de-
fined by the space-time metric g once that .¥ C .# (or i(¥) C .#) has been
prescribed; the same applies to the extrinsic curvature tensor K. A vacuum
initial data set (,h,K) is a triple where . is an n—dimensional manifold,
h is a Riemannian metric on ., and K is a symmetric two-covariant tensor
field on .. Further (h, K) are supposed to satisfy the vacuum constraint equa-
tions (1.3.15) and (1.3.19), perhaps (but not necessarily so) with a non-zero
cosmological constant A.

Let us show that specifying K is equivalent to prescribing the time-derivatives
of the space-part g;; of the resulting space-time metric g. Suppose, indeed, that
a space-time (M, g) has been constructed (not necessarily vacuum) such that
K is the extrinsic curvature tensor of . in (.#,g). Consider any domain of
coordinates ¢ C . and construct coordinates y* in some .#Z-neighborhood
of  such that . N % = O; those coordinates could be wave-coordinates,
as described at the end of Section 1.1, but this is not necessary at this stage.
Since 3° is constant on .7 the one-form dy° annihilates 7.7, so does the one
form g(N,-), and since .# has codimension one it follows that dy® must be
proportional to g(N,-):

Nydy? = Nydy°
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on @. The normalization —1 = g(n,n) = g"’n,n, = g% (np)? gives

0

nadya =

1
dy
V9%

Next,

Kij = g(ViN,Gj):ViNj
= O;N; —-T";N,
—T9%No

1
= —5900 (8jgm' + 0igoj — (9agz'j)No . (1.4.1)

This shows that the knowledge of g,,, and Jyg;; at y" = 0 allows one to calculate
K;j. Reciprocally, (1.4.1) can be rewritten as

dogij =

SO

2
gooiNOKij—i— terms determined by the g,,’s and their space-derivatives ,

that the knowledge of the g,,’s and of the Kj;’s at y? = 0 allows one to

calculate 0pg;j. Thus, K;; is the geometric counterpart of the dyg;;’s.

It is sometimes said that the gga’s have a gauge character. By this it is usually
meant that the objects under consideration do not have any intrinsic meaning, and
their values can be changed using the action of some family of transformations,
relevant to the problem at hand, without changing the geometric, or physical, in-
formation carried by those objects. In our case the relevant transformations are the
coordinate ones, and things are made precise by the following proposition:

PROPOSITION 1.4.1 Let gap, gap be two metrics such that

Gijl{yo=0y = Gijl{yo=oy » Kijlgo—oy = Kijlyo=oy - (1.4.2)

Then there exists a coordinate transformation ¢ defined in a neighborhood of {y° =
0} which preserves (1.4.2) such that

goal{yo=oy = (9" Goal{yo=oy - (1.4.3)

Furthermore, for any metric g there exist local coordinate systems {y*} such that
{y° =0} = {° = 0} and, if we write g = gapdy*dy? etc. in the barred coordinate
system, then

9ijlyo=0r = Gijlgo=0y »  Kijlgyo=oy = Kijlgo=oy ,
gool{yo=oy = =1,  Goil{yo=0} = 0. (1.4.4)

REMARK 1.4.2 We can actually always achieve gog = —1, go; = 0 in a whole neigh-
borhood of .#: this is done by shooting geodesics normally to .#, choosing y° to
be the affine parameter along those geodesics, and by transporting the coordinates
y® from . by requiring them to be constant along the normal geodesics. The co-
ordinate system will break down wherever the normal geodesics start intersecting,
but the implicit function theorem guarantees that there will exist a neighborhood
of . on which this does not happen. The resulting coordinates are called Gauss
coordinates. While those coordinates are geometrically natural, in this coordinate
system the Einstein equations do not appear to have good properties from the PDE
point of view.
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ProOF: It suffices to prove the second claim: for if ¢ is the transformation that
brings g to the form (1.4.4), and 45 is the corresponding transformation for g, then
¢ :=¢o ¢! will satisfy (1.4.3).

Let us start by calculating the change of the metric coefficients under a trans-
formation of the form

V=93, y=y+¢'y. (1.4.5)

If ¢ > 0 then clearly
{y’=0}={7"=0}.

Further, one has

— 0y2 10,0 7,0 R R
(goo(dy )"+ 2g0idy"dy" + gizdy'dy ) ’ (oo}
= (900(5°de + i) + 200i(5°dip + o) (A5 + 50" + ' d)

iy (A7 +5°dv + 0 ) (A + 7°dv + v di) )

g {y°=0}

{y°=0}

= (900(pds)? + 200i0d5° (" + ' dg)

+gi5(dy’ + ¥ dy) (i + v dy) )

{y°=0}
= ((900@2 + 2g0itb" + gij "7 ) (dyP)?

+2(goip + gij37 )y dy’ + gijd?idﬂj)

{y°=0}
= guydg'udgu .

We shall apply the above transformation twice: first we choose ¢ = 1 and
¢ =hgo;

where h¥ is the matrix inverse to gi;; this leads to a metric with go; = 0. We then
apply a second transformation of the form (1.4.5) to the new metric, now with the
new 9" = 0, and with a ¢ chosen so that the final gog equals minus one. O

1.5 Solutions global in space

In order to globalize the existence Theorem 1.2.1 in space, the key point is
to show that two solutions differing only by the values goa|{,0—0y are (locally)
isometric: so suppose that g and g both solve the vacuum Einstein equations
in a globally hyperbolic region %, with the same Cauchy data (g, K) on & :=
% N.#. One can then introduce wave coordinates in a globally hyperbolic
neighborhood of & both for g and g, satisfying (1.2.16), by solving

O =0,  O0* =0, (1.5.1)

with the same initial data for y* and g*. Transforming both metrics to their
respective wave-coordinates, one obtains two solutions of the reduced equation
(1.1.20) with the same initial data.

The question then arises whether the resulting metrics will be sufficiently
differentiable to apply the uniqueness part of Theorem 1.2.1. Now, the metrics
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obtained so far are in a space C'([0,T], H*), where the Sobolev space H® in-
volves the space-derivatives of the metric. The initial data for the solutions y*
or §* of (1.5.1) may be chosen to be in H**! x H*. However, a rough inspec-
tion of (1.5.1) shows that the resulting solutions will be only in C*([0,T], H®),
because of the low regularity of the metric. But then (1.1.8) implies that the
transformed metrics will be in C*([0,T], H*~!), and uniqueness can only be
invoked provided that s — 1 > n/2 4+ 1, which is one degree of differentiabil-
ity more than what was required for existence. This was the state of affairs
for some fifty-five years until the following simple argument of Planchon and
Rodnianski [137]: To make it clear that the functions y* are considered to be
scalars in (1.5.1), we shall write y for y#. Commuting derivatives with O, one
finds, for metrics satisfying the vacuum Einstein equations,

O4Vay =V, ViV y = [V, V¥, V,o]y = R, Vey=0.

=R7,=0

Commuting once more one obtains an evolution equation for the field 1,3 :=
VaV5y:

Dgwaﬁ + VURB)\ocO ny + 2Rﬁ)\aawcr)\ =0 )
———’
=0

where the underbraced term vanishes, for vacuum metrics, by a contracted
Bianchi identity. So the most offending term in this equation for v, involving
three derivatives of the metric, disappears when the metric is vacuum. Stan-
dard theory of hyperbolic PDEs shows now that the functions V,Vgy are in
C([0,T], H*1), hence y € CL([0,T], H**1), and the transformed metrics are
regular enough to invoke uniqueness without having to increase s.

Suppose, now, that an initial data set (-, g, K) as in Theorem 1.2.1 is given.
Covering . by coordinate neighborhoods &), p € ., one can use Theorem 1.2.1
to construct globally hyperbolic developments (%}, gp) of (%, g,K). By the
argument just given the metrics so obtained will coincide, after performing
a suitable coordinate transformation, wherever simultaneously defined. This
allows one to patch the (%}, gp)’s together to a globally hyperbolic Lorentzian
manifold, with Cauchy surface .. Thus:

THEOREM 1.5.1 Any vacuum initial data set (.7, g, K) of differentiability class
H*tL x HS, s > n/2, admits a globally hyperbolic development.

The solutions are locally unique, in a sense made clear by the proof.
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1.6 The Cauchy problem for the Einstein-Maxwell
equations

The Einstein-Maxwell equations form a system of equations for the gravitational
field and the Maxwell potential A = A,dx*. The electric and magnetic fields
are encoded in an anti-symmetric tensor field

F=dA < F,, =0,A, —0,A,=V,A, —V,A,.

(In the last equality above we have used the fact that the Levi-Civita connection
V has no torsion.) The Mazwell field F' is required to satisfy the sourceless

Maxwell equations
VIE,, =0. (1.6.1)

There is no natural space-time decomposition of F' into electric and magnetic parts.
However, in space-time dimension four, given a (timelike) vector field 7" normal to
a family of space-like hypersurfaces .#; one sets

1
E,dz" = FogTPdz® |, B,dz" = 5eawTalmédgcﬂ . (1.6.2)
By anti-symmetry we have
E,T"=B,T" =0,

which shows that the pull-backs to the .#;’s of E' and B contains the whole infor-
mation about E and B. Furthermore one easily checks that

F#V = QT[HE,,] —+ qungBg R

which shows that £ and B contain the whole information about F'.

The reader can check that (1.6.1) together with dF = 0 leads to evolution
equations for the electric field E and the magnetic field B which closely resemble the
Maxwell equations. Furthermore, those equations reduce to the standard Maxwell
evolution equations when the space-time metric g is flat and T#0,, equals 0;.

The gravitational field is coupled to F' via the Einstein equations,
G + Agy =811, , (1.6.3)

using the following energy-momentum tensor:

1 1
T = - <FWF,,°‘ - 4Fa5Faﬁguy) . (1.6.4)
An interesting feature of the Einstein-Mazwell equations (1.6.1) and (1.6.4)
is the existence of gauge freedom, by which one means the following: Let (g, A)
be a solution of the equations, let A be an arbitrary smooth function on space-
time, and consider a new electromagnetic potential A defined as

A=A+d = A, =A,+09.). (1.6.5)

This does not change F', since dd\ = 0, so that (1.6.1) and (1.6.3) still hold. The
transformation (1.6.5) is called a gauge transformation. The physical interpre-
tation is that the precise values of the potential A are irrelevant, the important



24 CHAPTER 1. THE EINSTEIN EQUATIONS

field being F', so that the existence of gauge transformations does not affect
the physical properties of a given solution. On the other hand it is sometimes
convenient to have the electromagnetic potential field at disposal. One can
supplement the above equations by various gauge conditions which eliminate,
or reduce, the gauge freedom. One such condition which is convenient for our
further purposes is the Lorenz gauge®,

VAR =0. (1.6.6)

Solutions of the Einstein-Maxwell equations can be constructed by solving a
Cauchy problem, as follows: The Cauchy data consist of a gravitational initial
data set

(.9, K)
together with a set of fields
(Ao, Ai, 01 A;)

on .. One seeks solutions in wave coordinates for the metric and in the Lorenz
gauge for the electromagnetic potential. The evolution equation for A, is taken
to be

0A, =R,A, . (1.6.7)

(This equation will be justified by the calculations in (1.6.12) below.)

In spite of apparences, the above equation does not contain second derivatives of
the metric, at least in wave coordinates: the second derivatives of the metric that
appear in the left-hand side through the derivatives of the Christoffel symbols cancel
out exactly the ones at the right-hand side. This can be seen as follows: (1.6.7) is
equivalent to V,F'* = 0, which can also be rewritten as

0 = 9, [ [det glg”? g (9a Ag — agAa)} (1.6.8)

= ¢"70,(V/|det glg"*0aAp) — 9”70, (V/|det glg"* D5 Ac)
+(0u9") | V10t glg" (DaAs — 05 Aa)]
= ¢""V/|det 9|0y Ag + ¢"°9,(V/|det glg"*)aAp — g7 0,,(1/|det g|g"*) D5 Aq

=0 in wave coordinates

075" \/[0e1 910,05 A +(0,9"") [ /IAet glg"* (0 Ag — D5 As)]
(1

where O, is the wave operator acting on scalars, in wave coordinates O, = g*? 0003.
In Lorenz gauge we have

o
I

950,/ |det glg"* Aq) = 36( 9. (V/|det glg"*) Aa + detglg“aauA“)
=0 in wave coordinates

|det g|g" 030, A + 95 ( |det g|g’w‘) 0y Aa

IThis is not a spelling error, Ludvig Lorenz who introduced the gauge, should not be
confused with Hendrik Lorentz who introduced the transformations bearing his name, and
who shared the 1902 Nobel prize for his explanation of the Zeeman effect.
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leading to
() = ¢"%0s ( |det glg’“’) OuAa (1.6.9)
= g7 (; |det glg*" (Dpgar) g™ + M@ag“a) Ol -
Finally
0 = ¢"’0,4s + %g”ﬂg”aggmg“aaﬂfla +9"%(959" )0 A

+9"*(0,9"") (00 As — 93 Aa) , (1.6.10)

and we see that there are no second derivatives of the metric in this equation, as
desired.

The initial data needed for (1.6.7) can be chosen to be A, and d;A,, on .%;
the missing field 9; Ay is calculated from the remaining ones using (1.6.6).

Given a solution of the harmonically reduced FEinstein equation and of
(1.6.7), we need to show that A, satisfies the Lorenz gauge condition (1.6.6),
and that the Maxwell equations (1.6.1) hold. In order to do that, set

Y= VHA,, (1.6.11)
and we wish to show that ¥ = 0. Now,

VIE, = OA,—R\YA, — V)
= V.0 (1.6.12)

in view of (1.6.7). This shows that 0y will vanish on .# if and only if we
impose the Mazwell constraint equation

VIEn=0. (1.6.13)
Assuming that this equation holds, we calculate
0=VHIVYF,, =-0y.

Here we have used the fact that the left-hand-side of the last equation vanishes
identically. It follows that i satisfies the homogeneous wave equation

Oy =0.

By choice of 9, Ag we have ¢ = 0 on ./, while 0;3 = 0 on . by the Maxwell
constraint equation, hence ¥ = 0 in any globally hyperbolic development of ..
Subsequently

VHF,, =0

by (1.6.12). We have thus proved that the field A, so obtained satisfies the
Maxwell equation, and is in the Lorenz gauge.
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1.7 Constraint equations: the conformal method

A set (M, g, K), where (M, g) is a Riemannian manifold, and K is a symmet-
ric tensor field on M, will be called a vacuum initial data set if the vacuum
constraint equations (1.3.14), (1.3.19) hold:

DjKjk = Dkij y (171&)
R(g) = 2A + |K[} — (tryK)* . (1.7.1b)

Here, as before, A is a constant. The object of this section is to present the
conformal method for constructing solutions of (1.7.1). This method works best
when try K is constant over M:

Bi(tryK) = 0. (1.7.2)

(We shall see shortly that (1.7.2) leads to a decoupling of the equations (1.7.1),
in a sense which will be made precise.) Hypersurfaces M in a space-times .4
satisfying (1.7.2) are known as constant mean curvature (CMC) surfaces. Equa-
tion (1.7.2) is sometimes viewed as a “gauge condition”, in the following sense:
if we require (1.7.2) to hold on all hypersurfaces M, within a family of hyper-
surfaces in the space-time, then this condition restricts the freedom of choice of
the associated time function ¢ which labels those hypersurfaces. Unfortunately
there exist space-times in which no CMC hypersurfaces exist [15,92]. Now,
the conformal method is the only method known which produces all solutions
satisfying a reasonably mild “gauge condition”, it is therefore unfortunate that
condition (1.7.2) is a restrictive one.

The conformal method seems to go back to Lichnerowicz [108], except that Lich-
nerowicz proposes a different treatment of the vector constraint there. The as-
sociated analytical aspects have been implemented in various contexts: asymp-
totically flat [45], asymptotically hyperbolic [4-6], or spatially compact [87]; see
also [20,43,88,157]. There exist a few other methods for constructing solutions
of the constraint equations which do not require constant mean curvature: the
“thin sandwich approach” of Baierlain, Sharp and Wheeler [?], further studied
n [?,19]; the gluing approach of Corvino and Schoen [49,56, 144]; the conformal
gluing technique of Joyce [97], as extended by Isenberg, Mazzeo and Pollack [90, 92];
the quasi-spherical construction of Bartnik [17,148] and its extension due to Smith
and Weinstein [151]. One can also use the implicit function theorem, or varia-
tions thereof [42,93,96], to construct solutions of the constraint equations for which
(1.7.2) does not necessarily hold. In [20] the reader will find a presentation of alter-
native approaches to constructing solutions of the constraints, covering work done
up to 2003.

1.7.1 The Yamabe problem

At the heart of the conformal method lies the Yamabe problem. From the
general relativistic point of view, this correspond to special initial data where
K vanishes; such initial data are called time symmetric. For such data (1.7.1b)
becomes

R(g) =2A. (1.7.3)
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In other words, g is a metric of constant scalar curvature.

There is a classical method, usually attributed to Yamabe [156], which al-
lows one to construct metrics satisfying (1.7.3) by conformal deformation: given
a metric g one sets

4
g=on2g,
then (1.7.3) becomes
n—2 ~ n—2 n+2

Rp=—— " Apn-z . (1.7.4)

AR50~ 2(n — 1)

(n—1)
One thus obtains a metric of constant scalar curvature 2A when a strictly
positive solution ¢ can be found.

Equation 1.7.4 is known as the Yamabe equation, and the problem of finding
positive solutions of this equation on compact manifolds is known as the Yamabe
problem. The final solution, that such deformations always exist when A is
suitably restricted (we will return to this issue shortly), has been given by
Schoen [145]. Previous key contributions include [8,153], and a comprehensive
review of the problem can be found in [106]. A completely different solution
has been devised by Bahri [11].

The idea is then to do something similar in general relativity, exploiting the
fact that the Yamabe problem has already been solved. For this we need, first,
to understand the behaviour of the vector constraint equation under conformal
transformations.

Regardless of whether the manifold is compact or not, the Yamabe number of a
metric is defined by the equation

- Jo(|Dul? + 375735 Ru?)

. 1.7.5
uGC;}" , uZ0 (fM uzn/(n_g))(n—2)/n ( )

Y(M7g) =

where Cp° denotes the space of compactly supported smooth functions. The number
Y (M, g) depends only upon the conformal class of g. If Y(M, g) > 0 we say that g
is in the positive Yamabe class, etc. When M is compact, one can show that there
exists a conformal rescaling so that R is positive [?] if and only g is in the positive
Yamabe class, similarly for the zero and negative Yamabe class cases.

1.7.2 The vector constraint equation

As is made clear by the name, the conformal method exploits the properties of
(1.7.1) under conformal transformations: consider a metric g related to g by a
conformal rescaling:

Gij = 0" = g§/=9""9". (1.7.6)
This implies
_ 1. N N
My = iglm(ajgkzm + OkGjm — OmGijk)
Ly im 0~ o~ ¢
= 545 9" (95(¢" Gkm) + k(9" Gjm) — Om (@ gjk))

. ¢ . .
= T+ %(528@ + 650k) — g1 D" 9) , (1.7.7)
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where, as before, D denotes the covariant derivative of g.

We start by analysing what happens with (1.7.1a). Let D denote the covari-
ant derivative operator of the metric g, and consider any trace-free symmetric
tensor field LY, we have

DLV = QLY + Ty LM + 17, L*
= Dyl 4 (T, — D) LY 4 (T3, — T,) L%
Now, from (1.7.7) we obtain

. ‘ v . .
Iy = T+ —(0,0i¢0 + 0;0xd — gir D' )

2¢
T + ”—fa o) (1.7.8)
ik 2¢ kP > -l
and we are assuming that we are in dimension n. As L is traceless we obtain
S -~ 0 o~ 0 : L.
DL = DLV + 0u0LM + o (610i6 + 610k — g DI $) L
2¢ 2¢ —
~gi Lk =0
~. 2 ~
= D;LY + MakgbLkJ
2¢
= ¢ (T2, (DL (1.7.9)
It follows that
DLV =0 <« D¢y =0. (1.7.10)

This observation leads to the following: suppose that the CMC condition (1.7.2)

holds, set

- ot K
L= g~ P9 i (1.7.11)
n

Then LY is symmetric and trace-free whenever K% satisfies the vector con-
straint equation (1.7.1a). Reciprocally, let 7 be any constant, and let LY be
symmetric, trace-free, and g—divergence free: by definition, this means that

DLV =0,
Set
LU .= 2T (1.7.12a)
K .— Lz‘j+%gz‘j, (1.7.12b)

then K% satisfies (1.7.1a).
More generally, assuming neither vacuum nor d(tryK') = 0, with the rescal-
ing gi; = ¢*g;; and with the definitions (1.7.12) we will have
8rJ' = Di(KY —tr,Kg")
— Dyemregiy "l pi
n

g2y i L i (1.7.13)

n
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With the choice ¢ = —ﬁ which will be motivated shortly, this can also be

written as the following equation for L when 7 and J* have been given:

~ ~.. 2(n+2) .
DL = 8mp oz g4+

1 om ..
¢z Dir . (1.7.14)
n

1.7.3 The scalar constraint equation
To analyse the scalar constraint equation (1.7.1b) we shall use the following for-

mula, derived in Appendix B: if g;; = ¢fgij, then (B.1.14) with g interchanged
with ¢ and ¢ changed to —¢ gives

~ (n—1)¢ (n—1){(n—2)¢+ 4}

R(g)¢p~" =R+ g et i g2, (1.7.15)
where R is the scalar curvature of g. Clearly it is convenient to choose
4
{ = — 1.7.16
n—2" ( )

as then the last term in (1.7.7) drops out. In order to continue we use (1.7.12)
to calculate

yK\g—(trgK)Q = girgp KK — 72

= gikgj (L7 + EQ”)(LM + ggkl) —7?

3 1
= g gy L9 IM-7(1- ﬁ)
==ty =¢M/2HDLLi

L 1
= ¢"GugplLF — 21— ),
n

giving thus

~ -1

n

Equations (1.7.1b), (1.7.7) and (1.7.17) with ¢ given by (1.7.16) finally yield

L MT2 5 2(2-30)/(n-2) nt2
Ay 4(n_1)R¢>— 520 + B2 | (1.7.18)
where
=— " |L|? = _ T2 AL 171
-t P in | 2(n—1) (1.7.19)

In dimension n = 3 this equation is known as the Lichnerowicz equation:

Ajd—Bo = —5267T 4 87 . (1.7.20)

We note that 2 is positive, as the notation suggests, while /3 is a constant,
non-negative if A =0, or in fact if A <0.
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The strategy is now the following: let g be a given Riemannian metric on
M, and let Lii be any symmetric transverse g-divergence free tensor field. We
then solve (if possible) (1.7.18) for ¢, and obtain a vacuum initial data set by
calculating g using (1.7.6), and by calculating K using (1.7.12).

More generally, the energy density of matter fields is related to the geometry
through the formula

16mpn = R(g) — |K|§ + (trgK)? — 2A . (1.7.21)
If 1 has been prescribed, this becomes an equation for ¢
n—2 ~ 2-3n nt2
A~ — = _52¢pn2 n—2
0 TR = 0 46
4(71, — 2) n+2
-0 2T . 1.7.22
1) pr=2mp ( )

1.7.4 The vector constraint equation on compact manifolds

In order to solve the Lichnerowicz equations we need the transverse-traceless
tensor (1'7T-tensor) field L, and so to obtain an exhaustive construction of CMC
initial data sets we have to give a prescription for constructing such tensors. It is
a non-trivial fact [28] that the space of T'T-tensors is always infinite dimensional
in dimension larger than two.

We note that an ad-hoc example of TT-tensor on three-dimensional non-
conformally flat manifolds is provided by the Bach tensor, see Appendix B.4.
Another one is provided by the Ricci tensor on manifolds with constant scalar
curvature.

A systematic prescription how to construct T7T-tensors has been given by
York: here one starts with an arbitrary symmetric traceless tensor field B,
which will be referred to as the seed field. One then writes

LV = B9+ C(Y)Y, (1.7.23)
where C(Y) is the conformal Killing operator:
C(Y) := D'YI + DIY’ — zﬁky’f?j : (1.7.24)
n

The requirement that Lii be divergence free becomes then an equation for the
vector field Y:

o~ B UL Y g ~
DL =0 < L) :=D;DY/+ DY - ZDY*G9) = —D;B" .
n
(1.7.25)

While (1.7.25) looks complicated at first sight, it is rather natural: we want to
produce transverse traceless tensors by solving an elliptic differential equation. Since
the condition of being divergence-free is already a first order equation, and it is not
elliptic, then the lowest possible order of such an equation will be two. Now, the
divergence operation turns two-contravariant tensor fields to vector fields, so the
most straightforward way of ensuring ellipticity is to seek an equation for a vector
field. The simplest object that we obtain by differentiating a vector field is the tensor
field D'Y7; in order to achieve the desired symmetries we need to symmetrise and
remove the trace, which leads to the conformal Killing operator (1.7.24).
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The operator L defined in (1.7.25) is known as the conformal vector Lapla-
cian. Equation (1.7.25) is a second order linear partial differential equation
for Y, the solvability of which can be easily analysed. In this section we shall
consider spatially compact manifolds M. We will give an existence proof for
(1.7.25):

THEOREM 1.7.1 For any smooth symmetric traceless tensor field B there ex-
ists a smooth vector field Y such that (1.7.25) holds.

PrOOF: Recall that a conformal Killing vector for the metric g is a nontrivial
solutions of the equation C'(Y') = 0. When (M, §) does not admit any conformal
Killing vectors, Theorem 1.7.1 follows immediately from Theorem 1.7.6 below
together with (1.7.35) and (1.7.37), because then the equation

LY)=2Z

has a solution for any Z.

When conformal Killing vectors exist, the image of L is the L?-orthogonal of
the kernel of LT. Since L is formally self-adjoint, the image of Lis orthogonal
to the space of conformal Killing vectors. But the right-hand side of (1.7.25)
is orthogonal to that last space: indeed, if Z is a conformal Killing vector and
B is a symmetric traceless tensor field, then integration by parts gives

/ Z;D;BY = — / D, Z;BY
M M
1 ~ ~ o .
= 2/ (D;Z; + D;Z;)BY (B is symmetric)
M

1 - - 1~ o -
— _2/ (DjZi+ D;Z; — kaZkﬁij)B” (B is trace-free)
M

0
- 0. (1.7.26)

This shows that —]_N)j B lies in the image of E, and so there exist many solutions
of (1.7.25). (Note that the non-uniqueness does not change L%/, as defined in
(1.7.23).) O

A property essentially equivalent to Theorem 1.7.1 is the existence of the
York splitting, also known in the mathematical literature as the Berger-Ebin
splitting:

THEOREM 1.7.2 On any compact Riemannian manifold (M,g) the space of
symmetric tensors, say I'S?M, splits L?-orthogonally as

IS?M =C®g@TT & ImC |

where C°g are tensors proportional to the metric, T denotes the space of
transverse traceless tensors, and ImC' is the image of the conformal Killing
operator defined in (1.7.24).
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PROOF: : Given any symmetric two-covariant tensor field A let ¢ denote the
trace of A dived by n, set

Bij = Aij — ¥gij -
Then B;; is symmetric and traceless. Similarly to (1.7.25), we let Y be any

solution of the equation ' o
L(Y)"'=D;B" .

Here, of course, C(Y)¥ := D'YJ + DIY' — 2D, Y g% and L(Y)" = D;C(Y)%.
Then B;; — C(Y);; is transverse and traceless, and we have indeed
Aij = vgij +Bij = C(Y)ij +C(Y)ij -
~  —— ——

eC>®xg eTT elmC

The L2-orthogonality of the factors is easily verified; compare (1.7.26). O

1.7.5 Some linear elliptic theory

The main ingredients of the existence proof which we will present shortly are
the following:

1. Function spaces: one uses the spaces Hy, k € N, defined as the completion
of the space of smooth tensor fields on M with respect to the norm

[l = \/ > | |DtfPdu, (1.7.27)
0

<t<k’M

where D% is the tensor of ¢-th covariant derivatives of u with respect
to some covariant derivative operator D. For compact manifolds? this
space is identical with that of fields in L? such that their distributional
derivatives of order less than or equal to k are also in L?. Again for
compact manifolds, different choices of measure dyu (as long as it remains
absolutely continuous with respect to the coordinate one), of the tensor
norm |- |, or of the connection D, lead to the same space, with equivalent
norm.

Recall that if u € L? then O;u = p; in a distributional sense if for every
smooth compactly supported vector field we have

/Xipi:f/ D; X .
M M

More generally, let A be a linear differential operator of order m and let A*
be its formal L? adjoint, which is the operator obtained by differentiating by

parts:
/ (u, LTv) ::/ (Lu,v) , wu,veC
M M

the above formula defines LT uniquely if it holds for all u, v in the space
C of C™ compactly supported fields. (Incidentally, the reader will note by

2For non-compact manifolds this is not always the case, compare [9].
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comparing the last two equations that the formal adjoint of the derivative
operator is minus the divergence operator.) Then, for u € L11OC (this is the
space of measurable fields v which are Lebesgue-integrable on any compact
subset of the manifold), the distributional equation Lu = p is said to hold if
for all smooth compactly supported v’s we have

[ wito=[ .

One sometimes talks about weak solutions rather than distributional ones.

The spaces Hj, are Hilbert spaces with the obvious scalar product:

(u, vy = Z (D*u, D*v)dp .
o<e<k’M

The Sobolev embedding theorem [10] asserts that Hj functions are, lo-
cally, of C¥ differentiability class, where ¥’ is the largest integer satisfying

K <k—n/2. (1.7.28)
On a compact manifold the result is true globally,
Hy, c C¥' (1.7.29)
with the inclusion map being continuous:

lullgr < Cllullay - (1.7.30)

2. Orthogonal complements in Hilbert spaces: Let H be a Hilbert space, and
let E be a closed linear subspace of H. Then (see, e.g., [154]) we have the
direct sum

H=E®E*+. (1.7.31)

This result is sometimes called the projection theorem.

3. Rellich-Kondrashov compactness: we have the obvious inclusion
H,Cc Hy if k>Fk .

The Rellich-Kondrashov theorem (see, e.g., [1,10,78,101]) asserts that,
on compact manifolds, this inclusion is compact. Equivalently,? if w, is
any sequence satisfying ||u,|[x < C, and if ¥’ < k, then there exists a
subsequence u,, and u., € Hj such that w,, converges to us, in Hj
topology as i tends to infinity.

3In this statement we have also made use of the Tichonov-Alaoglu theorem, which asserts
that bounded sets in Hilbert spaces are weakly compact; cf., e.g. [154].
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4. Elliptic reqularity: If Y € L? satisfies LY € Hj, in a distributional sense,
with I — an elliptic operator of order m with smooth coefficients, then
Y € Hygipm, and Y satisfies the equation in the classical sense. Further,
on compact manifolds for every k there exists a constant Cj such that

1Y Nlkrm < Cr([[LY [|& + [[Y]|o) - (1.7.32)

Our aim is to show that solvability of (1.7.25) can be easily studied using the
above basic facts. We start by verifying ellipticity of L. Recall that the symbol
o of a linear partial differential operator L of the form

L= at ZDZ'I...DZ'Z,
0<tl<m

where the a’*’s are linear maps from fibers of a bundle E to fibers of a bundle
F, is defined as the map

T*M > ps o(p) :=a™"™p;, ...p;, .

Thus, every derivative D; is replaced by p;, and all terms other than the top
order ones are ignored. An operator is said to be elliptic* if the symbol is an
isomorphism of fibers for all p # 0. In our case (1.7.25) the operator L acts on
vector fields and produces vector fields, with

o 9 g
TM3Y —o@)(Y)=p(p'Y +pY = ZppYrGNo; e TM . (1.7.33)
n
(The indices on p’ have been raised with the metric §.) To prove bijectivity

of o(p), p # 0, it suffices to verify that o(p) has trivial kernel. Assuming
o(p)(Y) =0, a contraction with p; gives

9 g . 9
pipi(PY7 + Y — ﬁka’“?i”) = |p/*p; Y7 (2 - ~)=0,

hence ijj = 0 for n > 1 since p # 0. Contracting instead with Y; and using
the last equality we obtain

9 g
Vipi('Y7 +p'Y" = ZpVg7) = [p]*|Y]* =0,
and o(p) has no kernel, as desired.

To gain some more insight into the conformal vector Laplacian L let us
calculate its formal L?-adjoint: let thus X and Y be smooth, or C?, we write

. ~ o~ ~. . 2 .~
/ XZL(Y)Zd,ug = / XiDj(DZY] + DYyt — *?]”L]Dkyk) dug
M M n

~ ~ o~ 9
— _/ D;X;(D'Y9 + DYt — =G DiY*) dug
M n

“See [2,127] for more general notions of ellipticity.
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1 r . _ R S
_ _2/ (DiXi + D Xi) (D'YT + DY = 2 D™ dpss
M

symmetric in ¢ and j

1

~ ~ Qe L~ a2
= -3 /M(DjXZ- +D;X; — ﬁDkagij) (D'Y? + D’Y" — Efq””DkYk) dug

Ve
trace free

- - 20~
= —/ (Din + Din — EDkagij)DZY] d,ug
M
I - 2~
= / Dl(DjXZ' +D;X; — EDkagij)Yj dug
M

oy e
M

Recall that the formal adjoint LT of L is defined by integration by parts:

/ (u, Lv) = / (Ltu, v)

for all smooth compactly supported fields u, v. (Note that the definition of a
self-adjoint operator further requires an equality of domains, an issue which is,
fortunately, completely ignored in the formal definition.) We have thus shown
that the conformal vector Laplacian is formally self adjoint:

Lt=1"L. (1.7.35)

We further note that the fourth line in (1.7.34) implies

/YL :_/ o (1.7.36)

in particular if Y is C? then
LY)=0 <= C{)=0. (1.7.37)

This implies that Riemannian manifolds for which L has a non-trivial kernel
are very special.

REMARK 1.7.3 Solutions of the equation C(Y) = 0 are called conformal Killing
vectors. The existence of non-trivial conformal Killing vectors implies the exis-
tence of conformal isometries of (M, g). A famous theorem of Lelong-Ferrand —
Obata [107,130] (compare [105]) shows that, on compact manifolds in dimensions
greater than or equal to three, there exists a conformal rescaling such that Y is a
Killing vector, except if (M, g) is conformally isometric to S™ with a round met-
ric. In the former case (the conformally rescaled) (M, g) has a non-trivial isometry
group, which imposes restrictions on the topology of M, and forces g to be very
special. For instance, the existence of non-trivial Lie group of isometries of a com-
pact manifold implies that M admits an S' action, which is a serious topological
restriction, and in fact is not possible for “most” topologies (see, e.g., [64,65], and
also [66] and references therein for an analysis in dimension four). It is also true
that even if M admits S' actions, then there exists an open and dense set of metrics,
in a C* topology, or in a H* (™ topology, with appropriate k(n), k'(n) [23], for
which no nontrivial solutions of the over-determined system of equations C(Y) =0
exist.

(1.7.34)
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In order to continue we shall need a somewhat stronger version of (1.7.32):

PROPOSITION 1.7.4 Let L be an elliptic operator of order m on a compact man-
ifold. If there are no non-trivial smooth solutions of the equation L(Y) = 0,
then (1.7.32) can be strengthened to

1Y [|5m < CRILY)Ik - (1.7.38)

REMARK 1.7.5 Equation (1.7.38) implies that L has trivial kernel, which shows
that the condition on the kernel is necessary.

PROOF: Suppose that the result does not hold, then for every n € N there exists
Y, € Hy4y, such that

1Yo llktm = Il LY |15 - (1.7.39)
Multiplying Y,, by an appropriate constant if necessary we can suppose that
1Yz =1. (1.7.40)

The basic elliptic inequality (1.7.32) gives

Co
[Yallktrm < Co([[LYnllk + [[Yallo) < ?HYnHk—&-m +Ca,
so that for n such that Cy/n < 1/2 we obtain
1Yol kgm < 2C5 .

It follows that Y,, is bounded in Hy,; further (1.7.39) gives

20!
L)l < =2 (1.7.41)

By the Rellich-Kondrashov compactness we can extract a subsequence, still
denoted by Y;,, such that Y;, converges in L? to Y, € Hyy,,. Continuity of the
norm together with L? convergence implies that

1Yillp2 =1, (1.7.42)

so that Y, # 0. One would like to conclude from (1.7.41) that L(Ys) = 0, but
that is not completely clear because we do not know whether or not

LY, = lim LY, .

n—oo
Instead we write the distributional equation: for every smooth X we have
[ @ x) = [ i),
M M

Now, L(Y;) tends to zero in L? by (1.7.41), and Y,, tends to Y in L2, so that
passing to the limit we obtain

_ T
O—/M<Y*,L (X)) .

It follows that Y satisfies L(Y,) = 0 in a distributional sense. Elliptic regularity
implies that Y; is a smooth solution of LY, = 0, it is non-trivial by (1.7.42), a
contradiction. O

We are ready to prove now:
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THEOREM 1.7.6 Let L be any elliptic partial differential operator of order m on
a compact manifold and suppose that the equations Lu = 0, LTv = 0 have no
non-trivial smooth solutions, where LT is the formal adjoint of L. Then for any
k > 0 the map

L: Hk+m — Hk

18 an isomorphism.

PROOF: An element of the kernel is necessarily smooth by elliptic regularity, it
remains thus to show surjectivity. We start by showing that the image of L is
closed: let Z, be a Cauchy sequence in Im L, then there exists Zo, € L? and
Y, € Hyg4m such that

L2
LY, =27,% z..

Applying (1.7.38) to Y,, — Y, we find that Y}, is Cauchy in Hy.,,, therefore
converges in Hy,, to some element Y, € Hp.,. By continuity of L the
sequence LY;, converges to LY in L?, hence Zoo = LY+, as desired.

Consider, first, the case k = 0. By the orthogonal decomposition theorem
we have now

L’=ImL® (ImL)",

and if we show that (Im L)+ = {0} we are done. Let, thus, Z € (Im L), this
means that

/ (Z,L(Y)) =0 (1.7.43)
M

for all Y € H,,12. In particular (1.7.43) holds for all smooth Y, which implies
that LT(Z) = 0 in a distributional sense. Now, the symbol of LT is the transpose
of the symbol of L, which shows that LT is also elliptic. We can thus use elliptic
regularity to conclude that Z is smooth, and Z = 0 follows.

The result in L? together with elliptic regularity immediately imply the
result in Hp. O

1.7.6 The scalar constraint equation on compact manifolds, 7% >
2n A

(n—1)

Theorem 1.7.6, together with Equation (1.7.37) and Remark 1.7.3, gives a rea-
sonably complete description of the solvability of (1.7.25). We simply note
that if BY there is smooth, then the associated solution will be smooth by el-
liptic regularity. To finish the presentation of the conformal method we need
to address the question of existence of solutions of the Lichnerowicz equation
(1.7.18).
A complete description can be obtained when the constant 3 defined in
(1.7.19) satisfies
n—2 , n—2
72

4n 2(n—1)
this will certainly be the case if A < 0. In this case, to emphasise positivity we
will write

B = Al >0, (1.7.44)

4n A
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for 8, thus rewriting (1.7.18) as

n—2 n+2
. TRpn—2 . (1.7.45)

n—-2 = ~ —3n)/(n—
A§q§—4 Ré = —52¢2=3m/(n=2) |

(n—1)
As already pointed out in Section 1.7.1, the case ¢ = 0 corresponds to the
so-called Yamabe equation; in this case solutions of (1.7.45) produce metrics
with constant scalar curvature —(n — 1)73. We will take it for granted that
one can first deform the metric conformally so that R is constant, and we will
assume that this has been done. It should be recognised that making use of the
solution of the Yamabe problem sweeps the real difficulties under the carpet.
Nevertheless, there remains some analysis to do even after the Yamabe part of
the problem has been solved.

In what follows we will assume smoothness of all objects involved. More
recently, these equations have been studied with metrics of low differentiabil-
ity [34,115]; this was motivated in part by work on the evolution problem for
“rough initial data” [98-100, 152]. Boundary value problems for the constraint
equations, with nonlinear boundary conditions motivated by black holes, were
considered in [59, 116].

In order to provide a complete answer to the question of solvability of
(1.7.45), as first done by Isenberg [87], we start by showing that (1.7.45) has
no solutions in several cases: For this, suppose that there exists a solution, and
integrate (1.7.45) over M:

n—2 =  9,(2-3n)/(n-2) N2 o &2\
/M<4(n_1)R O'Qb + in TA¢ 21 =0.

Since we want ¢ to be positive, there are obvious obstructions for this equation
to hold, and hence for existence of positive solutions: for example, if 72 = 0 and
T[% = 0 then there can be a positive solution only if R vanishes (and then ¢ is
necessarily constant, e.g. by an appropriate version of the maximum principle).
Analysing similarly other possibilities one finds:

PROPOSITION 1.7.7 Suppose that

1. &2 OETK, butRyéO;

2. 52

0, 73 #0 but R > 0;
3. 73=0,62#0, but R <0.
Then (1.7.45) has no positive solutions.

We emphasize that the non-existence result is not a failure of the conformal
method to produce solutions, but a no-go result; we will return to this issue in
Proposition 1.7.16 below.

It turns out that there exist positive solutions for all other cases. This will
be proved using the monotone iteration scheme, which we are going to describe
now. For completeness we start by proving a simple version of the mazimum
principle:
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PROPOSITION 1.7.8 Let (M,g) be compact, suppose that ¢ < 0 and let u €
C*(M). If

Au+cu >0, (1.7.46)
then u < 0. If equality in (1.7.46) holds then u = 0.

PROOF: Suppose that u has a strictly positive maximum at p. In local coordi-
nates around p we then have

gijaiaju - gijl“kij(?ku > —cu .

The second term on the left-hand-side vanishes at p because Ju vanishes at p,
the first term is non-positive because at a maximum the matrix of second partial
derivatives is non-positive definite. On the other hand the right-hand-side is
strictly positive, which gives a contradiction. If equality holds in (1.7.46) then
both u and minus w are non-positive, hence the result. O

Consider, now, the operator
L=A;+c
for some ¢ < 0. The symbol of L reads
on(p) = g"pip; #0 if p#0,
which shows that L is elliptic. It is well-known that Az is formally self-adjoint

(with respect to the measure dug), and Proposition 1.7.8 allows us to apply
Theorem 1.7.6 to conclude existence of Hyo solutions of the equation

Lu=p (1.7.47)

for any p € Hp; u is smooth if p and the metric are.
Returning to the Lichnerowicz equation (1.7.45), let us rewrite this equation
in the form

Az = F(,) . (1.7.48)
A C? function ¢ is called a super-solution of (1.7.48) if
Ajo < F(g4, ) . (1.7.49)
Similarly a C? function ¢_ is called a sub-solution of (1.7.48) if
Agp_ > F(é,x) . (1.7.50)

A solution is both a sub-solution and a super-solution. This shows that a
necessary condition for existence of solutions is the existence of sub- and super-
solutions. It turns out that this condition is also sufficient, modulo an obvious
inequality between ¢_ and ¢.:

THEOREM 1.7.9 Suppose that (1.7.48) admits a sub-solution ¢_ and a super-
solution ¢4 satisfying
¢— < P .
If F is differentiable in ¢, then there exists a C? solution ¢ of (1.7.48) such
that
- <P < oy
(¢ is smooth if F is.)
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PROOF: The argument is known as the monotone iteration scheme, or the
method of sub- and super-solutions. We set

¢0 = ¢+ )
and our aim is to construct a sequence of functions such that
O— < on < P4, (1.7.51a)
b1 < Pn - (1.7.51b)

We start by chosing ¢ to be a positive constant large enough so that the function

¢_>FC(¢7x) = F(¢,x)—c¢

is monotone decreasing for ¢_ < ¢ < . This can clearly be done on a compact
manifold. By what has been said we can solve the equation

(A§ - C)¢n+1 = Fc(d)nv x) .
Clearly (1.7.51a) holds with n = 0. Suppose that (1.7.51a) holds for some n,
then
(A —)(Pnr1 —b1) = Fe(dn,z) — Doy —coy
——
SF(¢+’I)

Z FC((bn,.T) - FC((b-‘r?x) Z 0 )

by monotonicity of F,.. The maximum principle gives

On+1 < O

and induction establishes the second inequality in (1.7.51a). Similarly we have

(A§ - C)(qb, - ¢n+1) = quﬁf —Ccp_ — Fc(¢na $)
—
>F(¢—,x)

Z Fc(¢—ax) - FC((bmx) Z 0,

and (1.7.51a) is established. Next, we note that (1.7.51a) implies (1.7.51b) with
n = 0. To continue the induction, suppose that (1.7.51b) holds for some n > 0,
then

(Ag = 0)(Pn+2 — Pnt1) = Fe(dntr,2) = —Fe(dn,2) 20,

again by monotonicity of F, and (1.7.51b) is proved.
Since ¢, is monotone decreasing and bounded there exists ¢ such that ¢,
tends pointwise to ¢ as n tends to infinity. Continuity of F' gives

Fy :F(¢n,$)—>FOO:F(¢,$),

again pointwise. By the Lebesgue dominated theorem F;, converges to Fj, in
L?, and the elliptic inequality (1.7.32) gives

H@bn - Qbm“H? < CQ(H(Aﬁ - C)(¢n - ‘lsm)HL2 + ”¢n - QbmHL2 .



1.7. CONSTRAINT EQUATIONS: THE CONFORMAL METHOD 41

Completeness of H? implies that there exists ¢oo € H? such that ¢, — oo
in H2. Recall that from any sequence converging in L? we can extract a sub-
sequence converging pointwise almost everywhere, which shows that ¢ = ¢
almost everywhere, hence ¢ € H2. Continuity of Az + ¢ on H? shows that

(85— )6 = lm (&g — ) = Fo(é,2) = F(,x) et

so that ¢ satisfies the equation, as desired. The remaining claims follow from
elliptic regularity theory. O

In order to apply Theorem 1.7.9 to the Lichnerowicz equation (1.7.45) we
need appropriate sub- and super-solutions. The simplest guess is to use con-
stants, and we start by exploring this possibility. Setting ¢_ = € for some small
constant € > 0, we need

n—2 = n—2 n+2
L Ace> Flen) = T Re— g2e-m/n-n) P20 (g e
0 g€ > F(e,x) = 1)Re g€ + 1, TA€ (1.7.52)

for € small enough. Since 2 —3n is negative and Z—J_rg is larger than one, we find:

LEMMA 1.7.10 A sufficiently small positive constant is a subsolution of (1.7.45)
if

1. R< 0, or if

2. %> 0.

Next, we set ¢4 = M, with M a large constant, and we need to check that

-2 ~ -2 n42
05 oM =MD EESRMES L (1753)

We see that:

LEMMA 1.7.11 A sufficiently large positive constant is a supersolution of (1.7.45)
of

1. §>0, or if
2. 7'/2\>0.

As an immediate Corollary of the two Lemmata and of Theorem 1.7.9 one
has:

COROLLARY 1.7.12 The Lichnerowicz equation can always be solved if R is
strictly negative and 1o # 0.

Before proceeding further it is convenient to classify the metrics on M as
follows: we shall say that g € #* if g can be conformally deformed to achieve
positive scalar curvature. We shall say that g € #V if g can be conformally
rescaled to achieve zero scalar curvature but ¢ ¢ #*. Finally, we let %~ be the
collection of the remaining metrics. It is known that all classes are non-empty,
and that every metric belongs to precisely one of the classes.

One then has the following result of Isenberg [87]:
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THEOREM 1.7.13 The following table summarizes whether or not the Lichnerow-
icz equation (1.7.45) admits a positive solution:

G2=0,7A=0|62=0,7TA#0 | 6220, 7Aa=0|62Z0, A #0
gewr no no yes yes
ge Y yes no no yes
ge ¥~ no yes no yes

For initial data in the class (Z°,0 = 0,7y = 0) all solutions are constants, and
any positive constant is a solution. In all other cases the solutions are unique.

PrOOF: All the “no” entries are covered by Proposition 1.7.7. The “yes” in the
first column follows from the fact that constants are (the only) solutions in this
case.

To cover the remaining “yes” entries, let us number the rows and columns
of the table as in a matrix T;;. Then T33 and T34 are the contents of Corol-
lary 1.7.12.

In the positive Yamabe class, Lemma 1.7.11 shows that a sufficiently large
constant provides a supersolution. A small constant provides a subsolution if
&2 has no zeros; this establishes Ti5 and T}4 for strictly positive &2. However, it
could happen that 2 has zeros. To cover this case, as well as the zero-Yamabe-
class case Thy, we use a mixture of an unpublished argument of E. Hebey [82]
and of that in [117]. Similarly to several claims above, this applies to the
following general setting: Let h, a, and f be smooth functions on a compact
Riemannian manifold M, with A > 0, a > 0 and f > 0. Consider the equation

Agu—hu = fu® —au™? (1.7.54)

with @ > 1 and 8 > 0. We further require f + h # 0 and a # 0. (All those
hypotheses are satisfied in T13, Th4, and Tb4.) Then there exists a function wu;
such that

Aguy — (h+ flup = —a .

The function wuq is strictly positive by the maximum principle. For ¢ > 0
sufficiently small the function w; = tu; is a subsolution of (1.7.54): indeed,
from ta < at_ﬁufﬁ and ftu; > ft*uf for ¢ small enough we conclude that

Aguy — huy = —ta + tug f > fat_ﬁufﬁ + ftuf .

The existence of a solution follows again from Theorem 1.7.9.
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Uniqueness in all R>0 cases, except Tb1, follows from the fact that the
function ¢ — F(¢, ), defined in (1.7.52), is monotonously increasing for non-
negative R: indeed, let ¢1 and ¢2 be two solutions of (1.7.48), then

P2
Ag(p2 — 1) + (— ; 0pF (¢, x)do ) (2 — ¢1) = 0.

=:c

It follows from the monotonicity properties of F' that ¢ < 0. A version of the
maximum principle, slightly stronger than the one proved in Proposition 1.7.8,
gives ¢1 = ¢2 whenever the function c is not identically zero.

To prove uniqueness when R < 0, suppose that there exist two distinct
solutions ¢,, a = 1,2; exchanging the ¢,’s if necessary we can without loss of
generality assume that there exist points su(:'lh that ¢2 > ¢1. By construction,

the scalar curvature R of the metric g := ;j g satisfies
n—2 n—2
—~R=5%— 2. 1.7.55
An—1)" "7 " T4 A (17.55)

Because the whole construction is conformally covariant, the function

_ "
"5

satisfies again (1.7.45) with respect to the metric g:

n—2 n—2 n+2
Ap— — = — _x24(2-3n)/(n-2) , " 4 2 75 ' 1.7.
In view of (1.7.55), this can be rewritten as
— 2 n
L O (G OF (1.7.57)

By choice, the minimum value of ¢, say a, is strictly smaller than one. At the
point where the minimum is attained we obtain

_3n— -2 n42
0<Ayp=—5%(a g a) + n4 T,%(anirg —a) . (1.7.58)
n
I i

But both I and II are strictly negative for a < 1, which gives a contradiction,
and establishes uniqueness. |

REMARK 1.7.14 The question of stability of solutions of the Lichnerowicz equation
has been addressed in [?]: surprisingly enough, examples are constructed there
where stability fails in dimensions n > 6.

As a Corollary of Theorem 1.7.13 one obtains:

THEOREM 1.7.15 Any compact manifold M carries some vacuum initial data
set.
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PROOF: We can construct non-trivial solutions of the vector constraint equation
using the method of Section 1.7.4, which takes us to the last two columns of
the table of Theorem 1.7.13. Choosing some T/% > 0 we can then solve the
Lichnerowicz equation whatever the Yamabe type of g by the last column in
that table. O

As already pointed out, we have the following result, which highlights the
importance of Isenberg’s Theorem 1.7.6:

ProPOSITION 1.7.16 All CMC solutions of the vacuum constraint equation can
be constructed by the conformal method.

PROOF: A trivial, albeit not very enlightening proof goes as follows: if (M, g, K)

is a CMC vacuum initial data set, the result is established by setting ¥ = 0,

=1 Eij:Kz‘jitrKgij 0
9y n *

A natural question is whether the set of solutions to the constraint equations forms
a manifold. This was first considered by Fisher and Marsden [67], who provided
a Fréchet manifold structure; Banach manifold structures have been constructed
in [50], and a Hilbert manifold structure for asymptotically flat initial data sets
n [18] (the construction there applies to more general classes of data).

1.7.7 The scalar constraint equation on compact manifolds, 7> <
2n A

(n—1)

Theorem 1.7.13 gives an exhaustive description of CMC initial data on compact
manifolds when 72 > %A. Much less is known for A’s exceeding this bound.
As already pointed out, there is observational evidence that A might be positive,
hence there is direct physical interest for a complete understanding of this case.

When 7 = 0 = ¢2 but A > 0 we are in the positive case of the Yamabe
problem. Obvious examples of three dimensional compact manifolds carrying

a metric with positive scalar curvature are given by
S3r, S§%x St (1.7.59)

where I' is a discrete subgroup of O(3) without fixed points. The quotient
manifolds S?/T" are called spherical manifolds.

Evolving the time-symmetric vacuum initial data set (S™/T, g,,0), where g, de-
notes a round metric on S™, one obtains the (n + 1)-dimensional de Sitter metrics:

2

122\ g2 e
g=—(1—r=/t*)dt +1_T2/£2

20
+r 9n—-1,

where £ > 0 is related to the cosmological constant A by the formula 2A = n(n —

1)/¢2.

It turns out that a complete description of the possible topologies of three
dimensional compact manifolds carrying metrics with positive scalar curvature
can be given using the connected sum construction, which proceeds as follows:
consider any two manifolds M,, a = 1,2. Consider two sets B, C M,, each
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diffeomorphic to a ball in R™. One then defines the manifold M;# M, called
the connected sum of My and Mo, as the set

(M1 \ By) U ([0,1] x S""1) U (Mz \ Be)

in which the sphere 9B is identified in the obvious way with {0} x S"~! and
the sphere 0By is identified with {1} x S"~!. In other words, one removes balls
from the M,’s and connects the resulting spherical boundaries with a “neck”
[0,1] x ™1,

Consider, then, two manifolds (M,, g,) with positive scalar curvature. Gro-
mov and Lawson [80] have shown how to construct a metric of positive scalar
curvature on My# M. This implies that any compact, orientable three-manifold
which is a connected sum of spherical manifolds and of copies of §% x S! carries
a metric of positive scalar curvature. The resolution of the Poincaré conjec-
ture by Perelman [134-136] completes previous work of Schoen-Yau [146] and
Gromov-Lawson [81] on this topic, and proves the converse: these are the only
compact three-manifolds with positive scalar curvature.

Under the current conditions, a pointwise obstruction to existence of solu-
tions of the Lichnerowicz equation can be derived as follows [83]: Let py be a
point where the minimum of ¢ is attained, set € := ¢(py). To emphasize the
current sign, we define

n—2 , n—2

AT:: A > . 1
e +2(n—1) >0 (1.7.60)

At the minimum the Laplacian of ¢ is non-negative, and there the Lichnerowicz
equation gives

n—2

e o 2 (2-3n)/(n—2) _ (n+2)/(n—2)
In = 1)Re o€ Are (1.7.61)

0 < Age=

But the right-hand-side is negative if A, > 0 and if o2 is sufficiently large, which
gives an obstruction to existence. Setting a := ¢*/("=2) (1.7.61) becomes

n—2 ~

< % p_ 2 _—4(n—1)/(n—2) _ A 4/(n—2)
0 < i(n— 1)R oe L€
n—2 -~
= — % R—g%q ("D _ Ara.
= 1) oca a

The condition of the vanishing of the derivative with respect to a gives
(n—1)c%a™™ =A,,

and so there cannot be a positive minimum of ¢, and hence a positive solution,
if the condition

n_9 - \n/m-D
Ao > (n— 1) <)R+> : (1.7.62)

where §+ is the positive part of ﬁ, holds everywhere. In other words, violation
of (1.7.62) somewhere is a necessary condition for existence of solutions, keeping
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in mind that equality everywhere would lead to € = 0 as the only possibility for
a non-negative minimum of ¢.

Note that the above calculation can be used to obtain a lower bound on ¢
when o2 has no zeros or when R is strictly positive.

One can also obtain integral, instead of pointwise, conditions for non-existence
of solutions, see [83, Theorems 2.1 and 2.2] for details.

In [83, Corollaries 3.1 and 3.2] several criteria for existence have been given,
essentially amounting to the requirement that o? be small and without zeros.
For example, on compact manifolds such that R > 0 but not identically zero,
there exists a constant C' depending upon ¢ and n such that, if A, > 0 and

o2 >0 and
A?‘l/ o <C,
M

then a solution exists. This is proved there using the Mountain Pass Lemma [139].

Delaunay metrics

An interesting class of metrics on S' x S"~! with positive scalar curvature is
provided by the Delaunay metrics which, for n > 3, take the form

g =1 (dy? + §,_1) (1.7.63)

with v = u(y) and where, as before, ¢,—1 is the unit round metric on 5571.
The metrics are spherically symmetric, hence conformally flat. The constant
scalar curvature condition R(g) = n(n — 1) reduces to an ODE for wu:

n  (n— 2)2 n(n —2) ni2

U= + 1 un—2 = 0. (1.7.64)

Solutions are determined by two parameters which correspond respectively to
a minimum value ¢ for u, with

n—2 n-2

0<e<e=( )T (1.7.65)

n

called the Delaunay parameter or neck size, and a translation parameter along
the cylinder. An ODE analysis [121] shows that all the positive solutions are
periodic. The degenerate solution with € = 0 corresponds to the round metric
on a sphere from which two antipodal points have been removed. The solution
with € = & corresponds to the rescaling of the cylindrical metric so that the
scalar curvature has the desired value.

The Delaunay metrics provide an example of countable non-uniqueness of
solutions of the Yamabe equation on S* x S"~!: for any T > 0 and ¢ € N* there
exists a solution uy of (1.7.64) with period T'/¢. Each such function u, provides
a metric with constant scalar curvature n(n — 1) on the manifold on which the
coordinate y of (1.7.63) is T-periodic.

The ODE (1.7.64) was first studied by Fowler [69, 70], however the name is in anal-
ogy with the Delaunay surfaces: the complete, periodic CMC surfaces of revolution
in R3 [61].
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Regarding the Delaunay metrics as singular solutions of the Yamabe equation
on (Sg, go) one has a number of uniqueness results. Among these are the facts that
no solution with a single singular point exists, and that any solution with exactly
two isolated singular points must be conformally equivalent to a Delaunay metric.

It is also known that conformally flat metrics, with constant positive scalar
curvature, and with an isolated singularity of the conformal factor are necessarily
asymptotic to a Delaunay metric [102]; in fact, in dimensions n = 3,4,5 the con-
formal flatness condition is not needed [113]. Specifically, in spherical coordinates
about an isolated singularity of the conformal factor, there is a half-Delaunay metric
which g converges to, exponentially fast in r, along with all of its derivatives. This
fact is used in [119-121, 138, 140] where complete, constant scalar curvature metrics,
conformal to the round metric on S, \ {p1,...,pr} were studied and constructed.
This is one instance of the more general “singular Yamabe problem”.

The time-evolution of time-symmetric Delaunay data leads to the Kottler—Schwarzschild—
de Sitter [103] metrics in n + 1 dimensions, with cosmological constant A > 0 and
mass m € R:

2m r2

ds* = —Vdt> + V7 dr® 4+ r%§,_1, where V=V(r)=1- 3~z (1.7.66)

where ¢ > 0 is related to the cosmological constant A by the formula 2A = n(n —
1)/¢?. Comparing (1.7.66) and (1.7.63) we find

2 dy —1/2
=yn-2 ==V 1.7.67
r=uits, o2 7 (1.7.67)

which allows us to determine y as a function of r on any interval of 7’s on which V'
has no zeros.

To avoid a singularity lying at finite distance on the level sets of ¢ one needs
m > 0. Equation (1.7.66) provides then a spacetime metric satisfying the Einstein
equations with cosmological constant A > 0 and with well behaved spacelike hyper-
surfaces when one restricts the coordinate r to an interval (ry,r.) on which V(r) is
positive; such an interval exists if and only if

<(n_1)2(n_2)>n_ A" 2mPn? < 1. (1.7.68)

When n = 3 this corresponds to the condition that 9m2?A < 1.

1.7.8 Matter fields

The conformal method easily extends to CMC constraint equations for some
non-vacuum initial data, e.g. the Einstein-Maxwell system [87] where one ob-
tains results very similar to those of Theorem 1.7.13. However, other important
examples, such as the Einstein-scalar field system [39-41, 83], require more ef-
fort and are not as fully understood.

Recall that the energy density p and the energy-momentum density J of
matter fields is related to the geometry through the formulae

167 = R(g) — K[+ (trgK)* — 2A (1.7.69)
8rJ' = Di(KY —tr,Kg"). (1.7.70)
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If 4 and J have been prescribed, this becomes a system of equations for ¢ and
L

2 = 2-3n nt2
N ‘Gfiin¢ = —o’prr + B
4(n —2)  n+2
- - . 1.7.71
(n—1)¢ 2T (1.7.71)
o~ 2(n+2) . n—1 2n ~.
DL = 8¢ n2 Ji4 ¢n2Dir . (1.7.72)

It is important to realize that the conformal method has no physical con-
tents, and is an ansatz for constructing solutions of the constraint equations.
The question of scaling properties of u and J under conformal transformations
is thus largely a matter of convenience. For instance, when dr = 0, a convenient
prescription for J is to set

2(n+2)
=¢ -z J, (1.7.73)
and to view J as free data, for then (1.7.72) decouples from (1.7.71). There is
then a natural rescaling of p which arises from the dominant energy condition
. . 4
p? > gi;J'J7: since gij = ¢n-2g;j, under (1.7.73) we have

4(n+2)

gigJ' T = g am gy i =

JZJ

and so the dominant energy condition will be covariant under these rescalings
if we set

B 2(n+1)

=gty (1.7.74)
viewing fi as the free data, and p as the derived ones. The scaling (1.7.73)-
(1.7.74) is known to us from [35], where it has been termed York scaling. With

those definitions (1.7.71)-(1.7.72) become

2 Ro = —o%%F 4 ppi
Az — mR¢ = —0°¢ + B¢
An—-2) o _

DZEU = 87Tji+

1.7.9 Maxwell fields

Let the (spacelike) initial data hypersurface .7 be given by the equation 2° = 0,

define .
V= , (1.7.77)
00

g

so that the future directed unit normal N to .¥ has covariant components
N,dz" = —vda? .

When constructing initial data involving Maxwell equations, one needs to keep
in mind that the Maxwell equations

VF"™ = 4xJ¥ ,  V,«F" =0, (1.7.78)
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where xF* = %e’“’p"F »o» and where J§; denotes the charge-current four-vector
density, imply constraints equations on the electric and magnetic fields E* and
B* (compare (1.6.2), p. 23):

E'0; == N, F""9; =vF"9;,  B'0; :=vxF";. (1.7.79)
Indeed, we then have

D;E" = 47vJY, D,B"=0. (1.7.80)

Since D;B* = 0;(v/det gr¢B")/+/det gre, the second equation above is immedi-
ately covariant under conformal rescalings of the metric if B’ is taken of the
form

Bii=¢ w2p (1.7.81)

where B! is divergence-free in the metric g. Likewise the first equation in
(1.7.80) will be conformally covariant if

Bii=¢ nsE | pJi =g wapdi,, DiE = 4niJ?, . (1.7.82)

The energy-density of the Maxwell fields is (keeping in mind that n = 3 here)

po= o (9yE'E +g,B'B)
1 /o omim
= o8 o (gz'jE’EJ + gz‘jBZBJ> : (1.7.83)

One recovers the York scaling (1.7.74). One similarly checks the York-scaling
property for the energy-momentum three-vector J*.

1.8 Non-compact initial data sets: an overview

So far we have been considering initial data sets on compact manifolds. How-
ever, there are moncompact classes of data which are of interest, and in this
section we will review them.

Recall that a vacuum initial data set (M, g, K) is a triple consisting of
an n-dimensional manifold M, a Riemannian metric on g, and a symmetric
two-covariant tensor K. Omne moreover requires that the vacuum constraint
equations hold:

R(g) = 2A + |K[; — (tryK)? (1.8.1)
DjK7, — DyK7;=0. (1.8.2)

The reader will note that we have allowed for a non-zero cosmological con-
stant A € R. The hypothesis that A = 0 is adequate when describing isolated
gravitating systems such as the solar system; A > 0 seems to be needed in
cosmology in view of the observations of the rate of change of the Hubble con-
stant [142, 155]; finally, a negative cosmological constant appears naturally in
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many models of theoretical physics, such as string theory or supergravity. For
those reasons it is of interest to consider all possible values of A.

A CMC initial data set is one where try K is constant; data are called max-
imal if try K is identically zero. A time-symmetric data set if one where K
vanishes identically. In this case (1.8.1)-(1.8.2) reduces to the requirement that
the scalar curvature of g be constant:

R(g) =2A.

1.8.1 Non-compact manifolds with constant positive scalar cur-
vature

The topological classification of compact three-manifolds with positive scalar
curvature generalises to the following non-compact setting: One says that a Rie-
mannian metric g has bounded geometry if g has bounded sectional curvatures
and injectivity radius bounded away from zero. Using Ricci flow (the short-time
existence of which is guaranteed in the setting by the work of Shi [149]), one
has [26]:

THEOREM 1.8.1 Let . be a connected, orientable three-manifold which car-
ries a complete Riemannian metric of bounded geometry and uniformly positive
scalar curvature. Then there is a finite collection F of spherical manifolds such
that . is an (infinite) connected sum of copies of St x S% and members of F.

The cylinders (R x S"~1, dz?+ §,_1) provide examples of non-compact man-
ifolds with positive scalar curvature. The underlying manifold can be viewed as
S™ from which the north and south poles have been removed. In Theorem 1.8.1
they are viewed as an infinite connected sum of S x 2.

Completing the initial data (R x S?,dz? + §2) with a suitable extrinsic curvature
tensor, when A = 0 the corresponding evolution leads to the interior Schwarzschild
metric: for t < 2m

1 2m .
9= g 1dt2 + (t - 1) da® +t2Go . (1.8.3)
t

When A > 0, vanishing extrinsic curvature leads to the Nariai metrics [128]:

1
9=% (=dt? + cosh® t dp* + §») (1.8.4)

(compare [29]).

Another class of positive scalar constant curvature metrics on S x S"~1
is provided by the Delaunay metrics, when the coordinate y of (1.7.63) is not
periodically identified, but runs over R.

EXAMPLE 1.8.2 The Delaunay metrics provide an example of complete spherically
symmetric metrics with positive scalar curvature. Large classes of metrics with the
last set of properties can be constructed as follows: Recall that (see (B.1.14), p. 112,
with g and g there interchanged)

4 _ 4 ~ 4(n — 1)
Gii = @2 G;s E RZQD n—2 (R— A~90) . 1.8.5
J 47 (n— 2" (155)
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So if § is the flat Euclidean metric 4, then g will have non-negative scalar curvature
if and only if
Asp < 0.

Smooth pherically symmetric solutions of this inequality which are regular at the
origin and which asymptote to one at infinity can be obtained by setting

+ rn1—2 /OT F(s)s"Lds + /TOO f()tdt , (1.8.6)

where f is any smooth positive function such that [;° f(r)r"~'dr is finite. (The
solution will be be asymptotically flat in the usual sense if, e.g., f is compactly
supported.) Indeed, we have

n—2
o= /f s"lds (1.8.7)

hence
Asp =100 (1" 0p) = —(n - 2)f

and so the sign of the scalar curvature of p* ("=2)§ is determined by that of —f.

In the region where f vanishes we have R = 0, which provides vacuum regions.
Connected regions of non-zero f can be thought of as a central star, or shells of
matter.

It is interesting to enquire about existence of spherically symmetric minimal
surfaces for such metrics. Now a strict definition of a minimal surface is the re-
quirement of minimum area amongst nearby competing surfaces, but any critical
point of the area functional is also often called “minimal”, and we will follow this
practice.

In the case under consideration, the area of spheres of constant radius is pro-
portional to (r2¢*/(*=2))(=1)/2 "and so the area will have vanishing derivative with
respect to r if and only if

2ry’

2/(n—2)\/ _ _ _
(re ) =0 <= =2 =

Mz/f "1ds_1+/ f(t)tdt . (1.8.8)

=:h(r) —ig(r)

—

This formula can be used to construct solutions containing minimal spheres as
follows: Suppose that the function f of (1.8.6) is constant, say f = fo > 0, on an
interval [0,71]. Then h(r) = for?/n increases while g(r) = g(0) — for?/2 decreases,
so equality will be achieved precisely once somewhere before ry if

fOTT% >1+ /:0 f(r)rdr . (1.8.9)

The value of r € [0,71] at which the equality in (1.8.8) holds provides our first
“minimal” surface (which actually locally maximizes area). We then let f drop
smoothly to zero on [rq,rs], for some 9 > 71, and keep f equal to zero on [ra,73),
with 73 possibly equal to co. On [r1, 73] the function h continues to increase while
the function g continues to decrease, so there cannot be any further minimal surfaces
in this interval. On [rg,73) the function

r) = 2 /Tz f(5)5"71d5
0
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decreases as r~("=2) while g(r) remains constant, so equality in (1.8.8) will be
attained before rj if

i [ tas < [T sorar (18.10)

Note that the choice of r3 does not affect (1.8.9) insofar as f vanishes on [ra,73).
In particular if we choose r3 = oo, we can first choose any central value fy,
and then choose r; so that forf/n > 2. Choosing the intermediate region [rq,rs]
small enough so that the integral at the right-hand-side is smaller than one, it
follows from (1.8.9) that the resulting metric will have precise one locally maximal
sphere somewhere before r;. For r > ro the metric is the (asymptotically flat)
space-Schwarzschild metric with a second minimal sphere somewhere in [ry, 00).

1.8.2 Asymptotically flat manifolds

One of the most widely studied class of Lorentzian manifolds are the asymptot-
ically flat space-times which model isolated gravitational systems. Now, there
exist several ways of defining asymptotic flatness, all of them roughly equivalent
in vacuum. In this section we describe the Cauchy data point of view, which
appears to be the least restrictive in any case.

So, a space-time (.#, g) will be said to possess an asymptotically flat end if
A contains a spacelike hypersurface My diffeomorphic to R™ \ B(R), where
B(R) is a coordinate ball of radius R. An end comes thus equipped with

a set of Euclidean coordinates {z',i = 1,...,n}, and one sets r = |z| :=
(X (@) /2 One then assumes that there exists a constant o > 0 such that,

in local coordinates on Mey obtained from R™ \ B(R), the metric g induced
by g on Mext, and the second fundamental form K of Mgy, satisfy the fall-off
conditions, for some k > 1,

9ij = 0ij = Ox(r™®),  Kij = Opa(r™'7%), (1.8.11)
where we write f = O (r?) if f satisfies
Oy - O, f =00, 0<0<k. (1.8.12)

The PDE aspects of the problem require furthermore (g, K) to lie in certain
weighted Holder or Sobolev spaces defined on .. More precisely, the above
decay conditions should be implemented by conditions on the Holder continuity
of the fields; alternatively, the above equations should be understood in an
integral sense. The constraint equations can be conveniently treated in both
Holder and Sobolev spaces, but one should keep in mind that L2-type Sobolev
spaces are better suited for solving the evolution equations.

The analysis of elliptic operators such as the Laplacian on weighted functional
spaces was initiated by Nirenberg and Walker [129]; see also [13,36,109-112, 122—
124,131] as well as [35].

The conformal method works again very well for asymptotically flat ini-
tial data sets. The approach is very similar to the one for compact manifolds,
with two important distinctions: on non-compact manifolds the embeddings
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Hy, C H,, and C** c C™, for k > m, are not compact anymore. Further-
more, to obtain good mapping properties for elliptic operators one needs to
introduce weighted Sobolev or Hoélder spaces. The reader is referred to the
original references for details [33, 35, 36,42, 43,45,116,117].

CMC initial data can only be asymptotically flat if A = 7 = 0. The Lich-
nerowicz equation simplifies then to

. n=2 = 9 (2-30)/(n-2)
A6~ g1y 10 =076 , (1.8.13)

where 5
o? = L.
(n—1)
The treatment of TT-tensors is essentially identical to that on compact man-
ifolds. In fact, the analysis is somewhat simpler because there are no conformal
Killing vectors which decay to zero as one recedes to infinity, so the conformal
vector Laplacian has no kernel on weighted Sobolev spaces with decay.
Concerning the Lichnerowicz equation (1.8.13), suppose that there exists
a positive solution of this equation, then the conformally rescaled metric g =
#* (=2 has non-negative scalar curvature R = \L|§, with L being an ap-

(1.8.14)

propriate rescaling of L. Thus, a necessary condition for existence of positive
solutions of (1.8.13) is that there exist metrics of non-negative scalar curvature
in the conformal class [g] of §. A precise conformally invariant criterion for this
has been proposed in [33] but, as emphasised e.g. in [73,116], the statement
in [33] is not quite correct. In [73,116] a corrected version has been provided,
as follows:

Recall that the Yamabe number of a metric is defined by the equation

fM(]Du|2 + 48;1)Ru2)

UGC;}?, uz0 (fM u2n/(nf2))(n—2)/n

Y(Mvg) =

(1.8.15)

where Cp° denotes the space of compactly supported smooth functions. As
discussed in Section 1.7.1, Y(M, g) depends only upon the conformal class of
g. For asymptotically flat manifolds, there exists a conformal rescaling so that
R is non-negative if and only if Y (M, g) > 0 [33,73,116].
_ Suppose, then, that we can perform the conformal rescaling that makes
R > 0. Setting

¢p=1+u,

the requirement that g has vanishing scalar curvature translates into an equa-
tion for u: 5 9
n—2 ~ n—2 =~
Ayu ——Ru=———R. 1.8.16
- T T (1.8.16)
Because R is non-negative now, there is no difficulty in finding a solution «
decaying to zero at infinity, with suitable weighted regularity. Note that wu is
strictly positive by the maximum principle, in particular 1 + » has no zeros
and asymptotes to one. Replacing § by (1 + u)¥ (=2, the new § is again
asymptotically flat, and (1.8.13) simplifies to

Agd = —a?g230/(=2) (1.8.17)
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Since
0= A‘gl > g’ = _0_21(27371)/(1172) 7
the constant function
p_ =1
provides a subsolution which asymptotes to one. To obtain a supersolution we

use a variation of Hebey’s trick, as used in our treatment of compact manifolds:
Let v be a solution approaching zero in the asymptotically flat regions of

Agv = —0o?. (1.8.18)
Then v is strictly positive by the maximum principle. Let ¢4 = 1 + v, then
Agby = —0% < —g2(1 4 v)@30/0=2) — _524@=80)/n=2) = (g g 19)

so ¢4 is indeed a supersolution. Since ¢4 :=1+v > 1 =: ¢_, we can use the
monotone iteration scheme to obtain a solution. Note that ¢_ and ¢4 both
asymptote to one, so the solution also will.

This provides a complete description of vacuum, asymptotically flat, CMC
initial data.

1.9 Non-CMC data

One can also consider the conformal method without assuming CMC data. As
before, the free conformal data consist of a manifold M, a Riemannian metric g
on M, a trace-free symmetric tensor &, and a mean curvature function 7. The
fields (g, K) defined as

4
n—2"
K = ¢ 26+0(Y))+ %qﬁqg , (1.9.2)

g = ¢lg, where ¢ = (1.9.1)

where ¢ is positive, will then solve the constraint equations with matter energy-
momentum density (u,J) if and only if the function ¢ and the vector field Y
solve the equations

Avg(C0Y) +6) = " 2972 Dr 4 87 ] (19.3)
~ _; P ;~ S 2——3_i2 +1 e
Ago e 1)R(9)¢ + D) 6+ C(Y) 2974 — S = 16 i |

(1.9.4)
Here ¢; and ¢, are exponents which can be chosen in a manner which is con-
venient for the problem at hand. A possible choice is obained by inserting the
York scaling given in (1.7.73)-(1.7.74) into (1.7.71)-(1.7.72); this is convenient
e.g. for the Einstein-Maxwell constraints in dimension n = 3. Finally, the sym-
bol D denotes the covariant derivative of §, and C (Y) is the conformal Killing
operator of g:

~ ~ ~ 2 ~
C(Y)ab - Da}/i) + DbYa — agachYC . (195)
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When dr # 0, the vector constraint equation does not decouple from the scalar
one, and one needs to find simultaneously the solution (¢,Y") to both equations
above.

One can invoke the implicit function theorem to construct solutions of the
above when 7 is bounded away from zero and dr is sufficiently small, near a
solution at which the linearized operator is an isomorphism. Other techniques
have also been used in this context in [3,38,93,94]. A non-existence theorem
for a class of near-CMC conformal data has been established in [95].

The first general result without assuming small gradient is due to Holst,
Nagy, and Tsogtgerel [85,86] who assumed non-vanishing matter source, i # 0.
Maxwell [118] has extended their argument to include the vacuum case, leading
to:

THEOREM 1.9.1 (Holst, Nagy, Tsogtgerel [85,86], Maxwell [118]) Let (M, gqp) be
a three dimensional, smooth, compact Riemannian manifold of positive Yamabe
type without conformal Killing vectors, and let &7 be a symmetric transverse
traceless tensorfield. If the seed tensor & and the matter sources |J|5 < fi are
sufficiently small, then there exists a scalar field ¢ > 0 and a vector field Y
solving the system
Ao — §Ro = —3161207" + 15726 — 2mip 2

Dy(D'Y7 + DIY? — 2D, Y g = 8nJ7 + 245 Dir (1.9.6)

and hence providing a solution

- S PO I
(9ij, K) = (¢"Gij, 0~ '°(6" + D'Y? + DY —ngYkgj)Jrg(Zﬁ g7

of the constraint equations in vacuum (=0 = J) or with sources

_2(nt1) _2(n+2) ~.

() = (67 =2 ¢~ w2 J')

(compare (1.7.74) and (1.7.73), p. 48).

The reader is referred to [118] for further general statements concerning the
problem at hand.

1.10 Gluing techniques

The gluing techniques can be regarded as a singular perturbation method. They
are used to produce new solutions by gluing together old ones. The main
usefulness of the technique in general relativity lies in the fact that, away from
the small set about which one fuses the two solutions, the new solution is
identical, to the original ones. This gives one control on the physical properties
of the glued initial data. Furthermore, because of the finite speed of propagation
of signals, one has information of the global behaviour in time of the resulting
solutions, at least in some regions.
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The linearized constraint equations and KIDs

The starting point of gluing constructions for the constraint equations is the

linearization of these equations about a given solution (M, g, K). We let 77(*9 K)

denote the L? adjoint of the linearization of the constraint equations at this
solution. Viewed as an operator acting on a scalar function N and a vector
field Y, P, ) takes the explicit form [49]

2(D;Yj) — D'Vgij — KijN + trK Ngij)

Plo.sey(N,Y) = D'YKi; — 2K';D;)Y; + K9 DgY'g;; . (1.10.1)
_ANgij + DzD]N + (DpKlpgij — DlKZ‘j)Yl
—NRic (9)ij + 2NKY K — 2N (tr K)K;;

Now this operator does not, on first inspection, appear to be very “user friendly”.
However, our immediate concern is solely with its kernel, and the pairs (N,Y")
which lie in its kernel have a very straightforward geometric and physical char-
acterization. In particular, let €2 be an open subset of M. By definition, the
set of “KIDs” on , denoted £ (£2), is the set of all solutions of the equation

Pl sV Y) =0 (1.10.2)

Such a solution (V,Y), if nontrivial, generates a space-time Killing vector field
in the domain of dependence of (€2, gla, K|q) [126].

From a geometric point of view one expects that solutions with symmetries
should be rare. This was made rigorous in [24], where it is shown that the
generic behaviour among solutions of the constraint equations is the absence
of KIDs on any open set. On the other hand, one should note that essentially
every explicit solution has symmetries. In particular, both the flat initial data
for Minkowski space, and the initial data representing the constant time slices
of Schwarzschild have KIDs.

Corvino’s result

As we have already pointed out, the Einstein constraint equations form an un-
derdetermined system of equations, and as such, it is unreasonable to expect
that they (or their linearizations) should satisfy the unique continuation prop-
erty. In 2000, Corvino established a gluing result for asymptotically flat metrics
with zero scalar curvature which dramatically illustrated this point [56]. In the
special case when one considers initial data with vanishing second fundamental
form K = 0, the momentum constraint equation becomes trivial and the Hamil-
tonian constraint equation reduces to simply R(g) = 0, i.e. a scalar flat metric.
Such initial data sets are referred to as “time-symmetric” because the space-
time obtained by evolving them possesses a time-reversing isometry which leaves
the initial data surface fixed. Beyond Euclidean space itself, the constant time
slices of the Schwarzschild space-time form the most basic examples of asymp-
totically flat, scalar flat manifolds. One long-standing open problem [16, 147] in
the field had been whether there exist scalar flat metrics on R™ which are not
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globally spherically symmetric but which are spherically symmetric in a neigh-
borhood of infinity and hence, by Birkhoff’s theorem, Schwarzschild there.

Corvino resolved this by showing that he could deform any asymptotically
flat, scalar flat metric to one which is exactly Schwarzschild outside of a compact
set.

Theorem 1.10.1 ([56]) Let (M,g) be a smooth Riemannian manifold with
zero scalar curvature containing an asymptotically flat end Soxy = {|z| > r >
0}. Then there is a R > r and a smooth metric g on M with zero scalar
curvature such that g is equal to g in M \ Sexy and g coincides on {|z| > R}
with the metric induced on a standard time-symmetric slice in the Schwarzschild
solution. Moreover the mass of g can be made arbitrarily close to that of g by
choosing R sufficiently large.

Underlying this result is a gluing construction where the deformation has
compact support. The ability to do this is a reflection of the underdetermined
nature of the constraint equations. In this setting, since K = 0, the operator
takes a much simpler form, as a two-covariant tensor valued operator acting on
a scalar function u by

P*u = —(Agu)g + Hess ju — uRic(g) .

An elementary illustration of how an underdetermined system can lead to com-
pactly supported solutions is given by the construction of compactly supported
transverse-traceless tensors on R? in Appendix B of [57] (see also [22, 60]).

An additional challenge in proving Theorem 1.10.1 is the presence of KIDs
on the standard slice of the Schwarzschild solution. If the original metric had
ADM mass m(g), a naive guess could be that the best fitting Schwarzschild
solution would be the one with precisely the same mass. However the mass,
and the coordinates of the center of mass, are in one-to-one correspondence
with obstructions arising from KIDs. To compensate for this co-kernel in the
linearized problem, Corvino uses these (n+1 in dimension n) degrees of freedom
as effective parameters in the geometric construction. The final solution can be
chosen to have its ADM mass arbitrarily close to the initial one.

Corvino’s technique has been applied and extended in a number of impor-
tant ways. The “asymptotic simplicity” model for isolated gravitational sys-
tems proposed by Penrose [133] has been very influential. This model assumes
existence of smooth conformal completions to study global properties of asymp-
totically flat space-times. The question of existence of such vacuum space-times
was open until Chrusciel and Delay [48], and subsequently Corvino [57], used
this type of gluing construction to demonstrate the existence of infinite dimen-
sional families of vacuum initial data sets which evolve to asymptotically simple
space-times. The extension of the gluing method to non-time-symmetric data
was done in [49, 58]. This allowed for the construction of space-times which are
exactly Kerr outside of a compact set, as well as showing that one can specify
other types of useful asymptotic behavior.
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Conformal gluing

In [91], Isenberg, Mazzeo and Pollack developed a gluing construction for initial
data sets satisfying certain natural non-degeneracy assumptions. The perspec-
tive taken there was to work within the conformal method, and thereby establish
a gluing theorem for solutions of the determined system of PDEs given by (1.9.3)
and (1.9.4). This was initially done only within the setting of constant mean
curvature initial data sets and in dimension n = 3 (the method was extended to
all higher dimensions in [89]). The construction of [91] allowed one to combine
initial data sets by taking a connected sum of their underlying manifolds, to
add wormbholes (by performing codimension 3 surgery on the underlying, con-
nected, 3-manifold) to a given initial data set, and to replace arbitrary small
neighborhoods of points in an initial data set with asymptotically hyperbolic
ends.

In [92] this gluing construction was extended to only require that the mean
curvature be constant in a small neighborhood of the point about which one
wanted to perform a connected sum. This enabled the authors to show that one
can replace an arbitrarily small neighborhood of a generic point in any initial
data set with an asymptotically flat end. As we have seen that CMC solutions
of the vacuum constraint equations exist on any compact manifold, this leads
to the following result, which asserts that there are no topological obstructions
to asymptotically flat solutions of the constraint equations:

Theorem 1.10.2 ([92]) Let M be any closed n-dimensional manifold, and p €
M. Then M\ {p} admits an asymptotically flat initial data set satisfying the
vacuum constraint equations.

Initial data engineering

The gluing constructions of [91] and [92] are performed using a determined
elliptic system provided by the conformal method, which necessarily leads to a
global deformation of the initial data set, small away from the gluing site. Now,
the ability of the Corvino gluing technique to establish compactly supported
deformations invited the question of whether these conformal gluings could be
localized. This was answered in the affirmative in [49] for CMC initial data
under the additional, generically satisfied [24], assumption that there are no
KIDs in a neighborhood of the gluing site.

In [52,53], this was substantially improved upon by combining the gluing
construction of [91] together with the Corvino gluing technique of [48, 56], to
obtain a localized gluing construction in which the only assumption is the ab-
sence of KIDs near points. For a given n-manifold M (which may or may not be
connected) and two points p, € M, a = 1,2, we let M denote the manifold ob-
tained by replacing small geodesic balls around these points by a neck "1 x I.
When M is connected this corresponds to performing codimension n surgery
on the manifold. When the points p, lie in different connected components of
M, this corresponds to taking the connected sum of those components.

THEOREM 1.10.1 ([52,53]) Let (M, g, K) be a smooth vacuum initial data set,
with M not necessarily connected, and consider two open sets Q, C M, a=1,2,
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with compact closure and smooth boundary such that
the set of KIDs, J# (), is trivial.

Then for all p, € Qq, € > 0, and k € N there exists a smooth vacuum initial
data set (M, g(e), K(€)) on the glued manifold M such that (g(€), K(€)) is e-
close to (g, K) in a C* x C topology away from B(pi,€) U B(pa,€). Moreover
(g(e), K(€)) coincides with (g, K) away from Q1 U Qs.

This result is sharp in the following sense: first note that, by the positive
mass theorem, initial data for Minkowski space-time cannot locally be glued to
anything which is non-singular and vacuum. This meshes with the fact that
for Minkowskian initial data, we have £ (Q) # {0} for any open set 2. Next,
recall that by the results in [24], the no-KID hypothesis in Theorem 1.10.1 is
generically satisfied. Thus, the result can be interpreted as the statement that
for generic vacuum initial data sets the local gluing can be performed around
arbitrarily chosen points p,. In particular the collection of initial data with
generic regions (1, satisfying the hypotheses of Theorem 1.10.1 is not empty.

The proof of Theorem 1.10.1 is a mixture of gluing techniques developed
in [89,91] and those of [49,56,58]. In fact, the proof proceeds initially via
a generalization of the analysis in [91] to compact manifolds with boundary.
In order to have CMC initial data near the gluing points, which the analysis
based on [91] requires, one makes use of the work of Bartnik [14] on the plateau
problem for prescribed mean curvature spacelike hypersurfaces in a Lorentzian
manifold.

Arguments in the spirit of those of the proof of Theorem 1.10.1 lead to the
construction of many-body initial data [46,47]: starting from initial data for
N gravitating isolated systems, one can construct a new initial data set which
comprises isometrically compact subsets of each of the original systems, as large
as desired, in a distant configuration.

An application of the gluing techniques concerns the question of the ex-
istence of CMC slices in space-times with compact Cauchy surfaces. In [15],
Bartnik showed that there exist maximally extended, globally hyperbolic solu-
tions of the Einstein equations with dust which admit no CMC slices. Later,
Eardley and Witt (unpublished) proposed a scheme for showing that similar
vacuum solutions exist, but their argument was incomplete. It turns out that
these ideas can be implemented using Theorem 1.10.1, which leads to:

COROLLARY 1.10.2 [52, 53] There exist maximal globally hyperbolic vacuum space-
times with compact Cauchy surfaces which contain no compact spacelike hyper-
surfaces with constant mean curvature.

Compact Cauchy surfaces with constant mean curvature are useful objects,
as the existence of one such surface gives rise to a unique foliation by such
surfaces [30], and hence a canonical choice of time function (often referred to
as CMC or York time). Foliations by CMC Cauchy surfaces have also been
extensively used in numerical analysis to explore the nature of cosmological
singularities. Thus the demonstration that there exist space-times with no
such surfaces has a negative impact on such studies.
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One natural question is the extent to which space-times with no CMC slices
are common among solutions to the vacuum Einstein equations with a fixed
spatial topology. It is expected that the examples constructed in [52,53] are
not isolated. In general, there is a great deal of flexibility (in the way of free
parameters) in the local gluing construction. This can be used to produce one
parameter families of distinct sets of vacuum initial data which lead to space-
times as in Corollary 1.10.2. What is less obvious is how to prove that all
members of these families give rise to distinct maximally extended, globally
hyperbolic vacuum space-times.

A deeper question is whether a sequence of space-times which admit con-
stant mean curvature Cauchy surfaces may converge, in a strong topology, to
one which admits no such Cauchy surface. (See [12,15,77] for general criteria
leading to the existence of CMC Cauchy surfaces.)

Non-zero cosmological constant

Gluing constructions have also been carried out with a non-zero cosmological
constant [51, 54, 55]. One aim is to construct space-times which coincide, in the
asymptotic region, with the corresponding black hole models. In such space-
times one has complete control of the geometry in the domain of dependence
of the asymptotic region, described there by the Kottler metrics (??). For
time-symmetric slices of these space-times, the constraint equations reduce to
the equation for constant scalar curvature R = 2A. Gluing constructions have
been previously carried out in this context, especially in the case of A > 0, but
in [51,54,55] the emphasis is on gluing with compact support, in the spirit of
Corvino’s thesis and its extensions already discussed.

The time-symmetric slices of the A > 0 Kottler space-times provide “Delau-
nay” metrics (see [55] and references therein), and the main result of [54, 55] is
the construction of large families of metrics with exactly Delaunay ends. When
A < 0 the focus is on asymptotically hyperbolic metrics with constant negative
scalar curvature. With hindsight, within the family of Kottler metrics with
A € R (with A = 0 corresponding to the Schwarzschild metric), the gluing in
the A > 0 setting is technically easiest, while that with A < 0 is the most
difficult. This is due to the fact that for A > 0 one deals with one linearized
operator with a one-dimensional kernel; in the case A = 0 the kernel is (n+1)—
dimensional; while for A < 0 one needs to consider a one-parameter family of
operators with (n + 1)—dimensional kernels.

1.11 Other hyperbolic reductions

The wave-coordinates approach of Choquet-Bruhat, presented above, is the first
hyperbolic reduction discovered for the Einstein equations. It has been given
new life by the Lindblad-Rodnianski stability theorem. However, one should
keep in mind the existence of several other such reductions.

An example is given by the symmetric-hyperbolic first order system of
Baumgarte, Shapiro, Shibata and Nakamura [21, 143, 150], known as the BSSN
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system, widely used in numerical general relativity. Another noteworthy exam-
ple is the elliptic-hyperbolic system of [7], in which the elliptic character of some
of the equations provides increased control of the solution. A notorious problem
in numerical simulations is the lack of constraint preservation, see [84,132] and
references therein for attempts to improve the situation. The reader is referred
to [72,76] for a review of many other possibilities.

1.12 The characteristic Cauchy problem

Another important systematic construction of solutions of the vacuum Einstein
equations proceeds via a characteristic Cauchy problem. In this case the initial
data are prescribed on Cauchy hypersurfaces which are allowed to be piecewise
null. This problem has been considerably less studied than the spacelike one
described above. We will not go into any details here; see [27, 31,32, 37,44, 62,
141] for further information.

1.13 Initial-boundary value problems

Numerical simulations necessarily take place on a finite grid, which leads to the
need of considering initial-boundary value problems. In general relativity those
are considerably more complicated than the Cauchy problem, and much remains
to be understood. In pioneering work, Friedrich and Nagy [74] constructed a
system of equations, equivalent to Einstein’s, for a set of fields that includes
some components of the Weyl tensor, and proved well-posedness of an initial-
boundary value problem for those equations. It would seem that the recent
work by Kreiss et al. [104] might lead to a simpler formulation of the problem
at hand.
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Appendix A

Introduction to
pseudo-Riemannian geometry

A.1 Manifolds

DEFINITION A.1.1 An n—dimensional manifold is a set M equipped with the
following:

1. topology: a “connected Hausdorff paracompact topological space” (think
of nicely looking subsets of R1", like spheres, hyperboloids, and such),
together with

2. local charts: a collection of coordinate patches (% ,x') covering M, where
U is an open subset of M, with the functions x* : % — R™ being contin-
wous. One further requires that the maps

M>U 3pw— (2Xp),....2"(p) € ¥ CR"
are homeomorphisms.

3. compatibility: given two overlapping coordinate patches, (%, z%) and (@, 7Y,
with corresponding sets ¥,V C R", the maps ¥ +— 2°(i) are smooth
diffeomorphisms wherever defined: this means that they are bijections dif-
ferentiable as many times as one wishes, with

)

ox
det | =— | nowhere vanishing .

ox)
Definition of differentiability: A function on M is smooth if it is smooth when
expressed in terms of local coordinates. Similarly for tensors.

EXAMPLES:

1. R™ with the usual topology, one single global coordinate patch.

2. A sphere: use stereographic projection to obtain two overlapping coor-
dinate systems (or use spherical angles, but then one must avoid borderline
angles, so they don’t cover the whole manifold!).

65
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3. We will use several coordinate patches (in fact, five), to describe the
Schwarzschild black hole, though one spherical coordinate system would suffice.

4. Let f : R® — R, and define N := f~(0). If Vf has no zeros on
N, then every connected component of N is a smooth (n — 1)-dimensional
manifold. This construction leads to a plethora of examples. For example, if
f=+@H2+...+ (2")2 — R, with R > 0, then N is a sphere of radius R.

In this context a useful example is provided by the function f = > — 22 on
R?: its zero-level-set is the light-cone ¢ = 2, which is a manifold except at the

origin; note that V f = 0 there, which shows that the criterion is sharp.

A.2 Scalar functions

Let M be an n-dimensional manifold. Since manifolds are defined using co-
ordinate charts, we need to understand how things behave under coordinate
changes. For instance, under a change of coordinates z* — 3/ (2?), to a function
f(x) we can associate a new function f(y), using the rule

fy)=fy) <= flz)=Ffly@).

In general relativity it is a common abuse of notation to write the same symbol f
for what we wrote f, when we think that this is the same function but expressed
in a different coordinate system. We then say that a real- or complex-valued f
is a scalar function when, under a change of coordinates x — y(z), the function
f transforms as f — f(z(y)).

In this section, to make things clearer, we will write f for f(x(y)) even when
f is a scalar, but this will almost never be done in the remainder of these notes.
For example we will systematically use the same symbol g, for the metric
components, whatever the coordinate system used.

A.3 Vector fields

Physicists often think of vector fields in terms of coordinate systems: a vector
field X is an object which in a coordinate system {x'} 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:

Xi(w) » X9(0) = X)) 2L (o) (A3.1)

(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 (v (s), v2(s), . .., ¥y"(s)),
the tangent to that curve at the point 7(s) is defined as the set of numbers
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Consider, then, a curve (s) given in a coordinate system x' and let us perform
a change of coordinates z* — y’(z'). In the new coordinates 3/ the curve = is
represented by the functions ¢’ (7"(s)), with new tangent

dy’
ds

Wr(s) = 2L (+s))Gs)

This motivates (A.3.1).

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.3.2)

(recall that 9; is the partial derivative with respect to the coordinate z*). Con-
versely, given some abstract first order homogeneous derivative operator X, the
(perhaps locally defined) functions X* in (A.3.2) can be found by acting on the
coordinate functions:

X(z') = X". (A.3.3)

One justification for the differential operator approach is the fact that the
tangent 4 to a curve v can be calculated — in a way independent of the coor-
dinate system {z'} chosen to represent y — using the equation

3(7) = 2220

)

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

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

o - 20000

recovering the previous coordinate formula 5 = (dv*/dt).

An even better justification is that the transformation rule (A.3.1) becomes
implicit in the formalism. Indeed, consider a (scalar) function f, so that the
differential operator X acts on f by differentiation:

X(7)) = Y x o (A3.4)

i

If we make a coordinate change so that
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then

X)) = 2 X o)
— ZXZ axl ))

COyk ox

_ ;xk@w;ﬁ”

- (Z ng‘;;) (),
k

with X* given by the right-hand-side of (A.3.1). So

X (f) is a scalar iff the coefficients X? satisfy the transformation law of a vector.

EXERCICE A.3.1 Check that this is a necessary and sufficient condition.

One often uses the middle formula in the above calculation in the form

0 oyF 0
or*  0x* Jy
Note that the tangent to the curve s — (s, 22,23, ... 2"), where (2%, 23, ... 2")
are constants, is identified with the differential operator
0
(91 = a1
oz
Similarly the tangent to the curve s — (x!,s,23,...2"), where (2!, 23,...2")
are constants, is identified with
0
a2 = 59 9
Ox?
etc. Thus, ¥ is identified with
Y(s) = 40,

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.
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A.3.1 Lie bracket

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()] (A.3.6)
One needs to check that this does indeed define a new vector field: the simplest
way is to use local coordinates,
(X YI() = XI0;(Y'0:f) = YI0;(X"0:f)
= X2(0;(Y")Oif +Y'0;0;f) — Y7 (0;(X")0; f + X"0;0; )
= (XI0;Y' —YI9;X")0if + X'Y'0;0;f — YIX'9;0; f
—xvi (8;0,f — ,0; )
—_———
0

= (X70;Y' = Y19; X0, f , (A.3.7)

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.3.7) also gives an explicit coordinate
expression for the commutator of two differentiable vector fields.

The Lie bracket satisfies the Jacobi identity:

(X, Y, Z)|+ Y, [Z,X]|+ [Z,[X,Y]] =0.
Indeed, if we write Sx y,z for a cyclic sum, then
(X, [V, 2]l + [V, [Z, X]| + [Z, [ X, Y])(f) = Sxyz[ X, [V, Z])(f)
= Sxyz {X([Y, Z|(f)) = [V, Z)(X(f))}
= Sxyz{X(Y(Z(f))) - X(Z(Y(f)) -Y(Z(X(f)) + ZY(X()} -

The third term is a cyclic permutation of the first, and the fourth a cyclic
permutation of the second, so the sum gives zero.

A.4 Covectors

Covectors are maps from the space of vectors to functions which are linear under
addition and multiplication by functions.

The basic object is the coordinate differential dz?, defined by its action on
vectors as follows:

dz'(X79;) = X" . (A.4.1)
Equivalently,
iraN . i) L i=7;
da'(05) = 0j = { 0, otherwise.

The dz"’s form a basis for the space of covectors: indeed, let ¢ be a linear map
on the space of vectors, then

p(X) =0(X'0) = X' 9(@) =pide'(X) = (pida’)(X)
X9; linearity call this ¢; def. of sum of functions
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hence
p = pida’
and every ¢ can indeed be written as a linear combination of the dz’’s. Under
a change of coordinates we have
Ay xk

_ _'_ - YJd _ k
e X' =9 ot = PRXT

leading to the following transformation law for components of covectors:

0y’
— 5 2Y_ A4.2

Given a scalar f, we define its differential df as

_ af 1 af n

With this definition, da’ is the differential of the coordinate function .

As presented above, the differential of a function is a covector by definition.
As an exercice, you should check directly that the collection of functions ¢; :=
0; f satisfies the transformation rule (A.4.2).

We have a formula which is often used in calculations
dy’ = —~-da" .
YT Bk
An elegant approach to the definition of differentials proceeds as follows: Given
any function f, we define:

df (X) = X(f) . (A.4.3)

(Recall that here we are viewing a vector field X as a differential operator on
functions, defined by (A.3.4).) The map X — df(X) is linear under addition of
vectors, and multiplication of vectors by numbers: if A, x are real numbers, and X
and Y are vector fields, then

df AX + pY) (AX 4+ uY)(f)

~—
by definition (A.4.3)

)\Xlﬁlf + uYiaif

<H

by definition (A.3.4)
- AAF(X) + pdf (V)
by definition (A.4.3)

Applying (A.4.3) to the function f = z* we obtain

da(8y) = 25 =

recovering (A.4.1).
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EXAMPLE A.4.1 Let (p, ) be polar coordinates on R?, thus x = pcosyp, y =
psin @, and then

dx = d(pcosy) = cospdp — psinpdyp ,
dy = d(psin ) = sin pdp + p cos pdy .

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

Summarising, covectors are dual to vectors. It is convenient to define

de'(X) := X,

where X% is as in (A.3.2). With this definition the (locally defined) bases
{0:}iz1....aimm of TM and {d27};—1 _qimn of T*M are dual to each other:

(da', 9;) = da' (8)) = 51,

where 5; is the Kronecker delta, equal to one when ¢ = j and zero otherwise.

A.5 Bilinear maps, two-covariant tensors

A map is said to be multi-linear if it is linear in every entry; e.g. g is bilinear if
9(aX +bY, Z) = ag(X, Z) + bg(Y, Z)
and
9(X,aZ + W) =ag(X,Z) + bg(X,W) .

Here, as elsewhere when talking about tensors, bilinearity is meant with respect
to addition and to multiplication by functions.

A map ¢ which is bilinear on the space of vectors can be represented by a
matrix with two indices down:

g(X,Y) = g(X'0;,Y90;) = X'Y g(0;,0;) = gi;; X'V = g;;dx'(X)da? (V) .
———
=:9ij

We say that g is a covariant tensor of valence two.

We say that g is symmetric if g(X,Y) = g(Y, X) for all X, Y; equivalently,
9ij = Yji-

A symmetric bilinear tensor field is said to be non-degenerate if det g;; has
no zeros.

By Sylvester’s inertia theorem, there exists a basis 6% of the space of covec-
tors so that a symmetric bilinear map g can be written as

Q(X’ Y) = Ql(X)Hl(Y)—i— . ‘+98(X)95(Y)—95+1(X)95+1(Y)—. ] ‘_98+T(X)08+T(Y)

(s,r) is called the signature of g; in geometry, unless specifically said otherwise,
one always assumed that the signature does not change from point to point.
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If s = n, in dimension n, then g is said to be a Riemannian metric tensor.
A canonical example is provided by the flat Riemannian metric on R” is
g=(dz")* + ...+ (dz™)? .

By definition, a Riemannian metric is a field of symmetric two-covariant
tensors with signature (4, ...,+) and with det g;; without zeros.

A Riemannian metric can be used to define the length of curves: if v : [a,b] 3 s —
v(s), then

b
ly(v) = / V¥, 7)ds .

One can then define the distance between points by minimizing the length of the
curves connecting them.

If s=1and r = N — 1, in dimension N, then ¢ is said to be a Lorentzian
metric tensor.
For example, the Minkowski metric on R is

n = (dz°)? — (dz')? — ... — (dz™)? .

A.6 Tensor products
If p and 0 are covectors we can define a bilinear map using the formula
(p @ 0)(X,Y) = p(X)0(Y) . (A.6.1)

For example
(dz' ® dz*)(X,Y) = X1Y?2.

Using this notation we have
9(X,Y) = g(X'09;,Y79;) = (8;,0;) X' Y = (gida'@da?)(X,Y)
gy dei(X) dad (V)
N——

(dz*®dzi (X,Y)

We will write dz’dx? for the symmetric product,
ig.j Lo j j i
dz'dz’ = i(dx ® dz? + d? @ dz') ,
and da’ A da? for the anti-symmetric one,

. 1 . . .
dx' AN dz! = §(dxl ® da! — dz? @ dx') .
It should be clear how this generalises: the tensors dz' @ dz? ® dz*, defined

as
(dz' @ do’ © dz*)(X,Y, Z) = X'YIZF
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form a basis of three-linear maps on the space of vectors, which are objects of
the form
X = Xijkdl‘z ®dr! ® d.’Ek .

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

ozt 9xd Ox
Oy™ Oyt oy"
It is sometimes useful to think of vectors as linear maps on co-vectors, using

a formula which looks funny when first met: if 8 is a covector, and X is a vector,
then

X(0):=0(X) .
So if 8 = 6;dz* and X = X'0; then
O(X)=6;X"= X0, = X(0) .
It then makes sense to define e.g. 9; ® 0; as a bilinear map on covectors:
(0i © 9;)(0,¢) := 0i); -

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

(0; @ da? ) (0, X) := 0;(0)dx’ (X) = ;X7 . (A.6.2)
The 0; ® dz’’s form the basis of the space of tensors of rank (1,1):
T=T"0®dx .

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 dyts Ozl dxts
Ole Gy G o5 O
For example, if X = X?0; and Y = Yj8j are vectors, then X ®Y = Xin8i®8j
forms a contravariant tensor of valence two.
Tensors of same valence can be added in the obvious way: e.g.

SZI"'Zle...jS%Smlmmr

Tensors can be multiplied by scalars: e.g.

Finally, we have seen in (A.6.1) how to take tensor products for one forms, and
in (A.6.2) 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
(a4 ¢,b+ d), defined as

(S®T)(0,... b, )= 8(0,..)T(,...).

TV
a covectors and b vectors c¢ covectors and d vectors
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A.6.1 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

, ~ 9z Oyt
i b gl T T
SJ—>Sk SJ@yk8$i7
one finds o
_ . Oxd ay .
Sty=5,-"-" =25,
£ 70 oyl o ’
——
5
as desired.

One can similarly do contractions on higher valence tensors, e.g.
)
11920 . Ei2~--ir4 . .
S Jijagsgs S J1ljs...gs *

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

A.7 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

g(X,Y) = Q(KX) :

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 g 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 x T, M. A pair (M, g)
is said to be a Lorentzian manifold when the signature of g is (dim M — 1,1).
One talks about pseudo-Riemannian manifolds whatever the signature of g,
as long as g is non-degenerate, but we will only encounter Riemannian and
Lorentzian metrics in this work.

Since g is non-degenerate it induces an isomorphism

b TyM — Tp M

by the formula

[ X%,(Y) = g(X,Y)].
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In local coordinates this gives
X, = g X"dr? =: X;da? . (A.7.1)

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

X =g X7 |. (A.7.2)

The operation (A.7.2) 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.

The inverse map will be denoted by § and is called the raising of indices;
from (A.7.1) we obviously have

af = gijaiaj =:0'0; <= dmi(aﬁ) =|af = gijaj

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

Clearly g%, understood as the matrix of a bilinear form on Ty M, has the same
signature as g, and can be used to define a scalar product g* on Ty (M):

g (@, B) = g(f, Bf) = ¢ida’,da!) = g7
This last equality is justified as follows:
Bdat, da?) = g((dz®)?, (da?)?) = g(g* o, ¢7°0y) = ¢'* 3= it = 41
9%( ) = g((dz")", (dz?)*) = g(g" Ok, 9" Or) Loy =9" =9
=i

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.8 The Lie derivative

We start with a pedestrian approach to the definition of Lie derivative; the
elegant geometric definition is given at the end of the section.

Given a vector field X, the Lie derivative £x is an operation on tensor
fields, defined as follows:

For a function f, one sets

Zxf=X(f). (A.8.1)
For a vector field Y, the Lie derivative coincides with the Lie bracket:

ZyY = [X,Y]. (A.8.2)
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For a one form o, Zxa is defined by imposing the Leibniz rule written back-
wards:

(ZLxa)(Y) = Ly (a(Y)) — a(ZxY) . (A.8.3)

(Indeed, the Leibniz rule applied to the contraction a; X* would read
Ly (iY') = (Lxa)iY' + ai(ZxY)",

which can be rewritten as (A.8.3).)

Let us check that (A.8.3) defines a one form. Clearly, the right-hand side
transforms in the desired way when Y is replaced by Y7 +Ys. Now, if we replace
Y by fY, where f is a function, then

(Zxa)(fY) = Zx(a(fY)) —al Zx(fY) )
—
X(HY+fZLxY
= X(faY)) —a(X(N)Y + [ZxY))
= ( Ja(Y) + fX(a(Y)) = (X (f)Y) — ao(fZxY))
= [X(aY)) = fa(£xY))
= ((fxa)(Y))

So ZLxa is a C'°°-linear map on vector fields, hence a covector field.
In coordinate-components notation we have

(Lx)a = X Opag + a0, X0 .

Indeed,
(Lxa)Y' = Lx(a;Y)) —a(ZxY)
= XPO(;Y?) — a;(XFO Y — YFOLXT)
= X*(0p)Y' 4 a;Y*0 X"
(X Apav; + akaiXk> Yi
as desired

For tensor products, the Lie derivative is defined by imposing linearity under
addition together with the Leibniz rule:

Ix(a®p)=(Lx)@pF+ax Lxp .
Since a general tensor A is a sum of tensor products,
A=Ay 4 0oy @ ...0, ®dz" @ ... ®dz"

requiring linearity with respect to addition of tensors gives thus a definition of
Lie derivative for any tensor.
For example, we claim that

LxT = X0.T% — T0. X+ T.0,X° s (A.8.4)
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To see this, call a tensor T'%, simple if it is of the form Y ® «, where Y is a
vector and « is a covector. Using indices, this corresponds to Y%« and so, by
the Leibniz rule,

Zx(Y®a) = Lx(Yu)
= (fo)aOéb + Ya(fxoé)b
= (XOY* =YX+ Y X Ocrp + a0, X°)
= XO.(Y%) — Y0 X+ Y% 0, X,

which coincides with (A.8.4) if T% = Y®«,. But a general 7%, can be written
as a linear combination with constant coefficients of simple tensors,

T = Z T%%d, @ dz® .
a,b

Y no summation, so simple

and the result follows.
Similarly, one has, e.g.,

.,iﬂxRab — XcacRab _ Racach . RbcaCXa ’

LxSap = X0:Sap + SacOp X + Sp0, X, (A.8.5)

etc. Those are all special cases of the general formula for the Lie derivative
Lx ANy by

Lx Ay by = XCOANT Wy b, — ATy 5,0 XM —
+Aa1...apcb1mbqab1Xc + ...

A useful property of Lie derivatives is
Lxy) = [Lx, ], (A.8.6)
where, for a tensor T, the commutator [-Lx, %y |T is defined in the usual way:
[(Lx, LT = Lx(HT) - L (ZExT) . (A.8.7)

To see this, we first note that if T' = f is a function, then the right-hand-side of
(A.8.7) is the definition of [ X, Y]|(f), which in turn coincides with the definition

of «i”[X,Y] (f )-
Next, for a vector field "= Z, (A.8.6) reads
LxyZ =Lx(HKZ) - L (LxZ), (A.8.8)
which is the same as
[X.Y],2) = [X.[Y, 2] - [Y,[X. 2] . (A.8.9)
which is the same as

Z, Y, X]||+[X,[Z2, Y]]+ ]Y,[X,Z]] =0, (A.8.10)
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which is the Jacobi identity. Hence (A.8.6) holds for vector fields.
We continue with a one form «. We use the definitions, with Z any vector
field:

(Zxtya)(2) = X( (Ha)(2) )-  (Lya)(Zx2)
Y((Z)—a( Ly 7))  Y(a(Zx2D))—a(Ly LxZ)
= X(Y(a(2)) — X(a(L 2))) = Y (a(Lx 2)) + o(Ly Lx Z) .

Antisymmetrizing over X and Y, the second and third term above cancel out,
so that

(xHa—HLx)a)(Z) = XY (D) +a(HLxZ)— (X «—Y)
(X, Y](a(2)) — (I Z — Ly Lx Z)
= Yxy)|(a(Z)) - a(ZxyZ)
= (Zxyja)(2).
Since Z is arbitrary, (A.8.6) for covectors follows.

To conclude that (A.8.6) holds for arbitrary tensor fields, we note that by
construction we have

Lixy)(A® B) = Lxy)A® B+ A® Lxy|B . (A.8.11)
Similarly

Lx (AR B) = Lx(HAR B+ A® % B)
ILx K ARB+ Lx AR LB+ AR LxB
AR LB . (A.8.12)

Exchanging X with Y and subtracting, the middle terms drop out:
(Zx, Zy|(A® B) = [Zx, y]A® B+ A® [Lx, Zy]B . (A.8.13)

Basing on what has been said, the reader should have no difficulties finishing
the proof of (A.8.6).

ExaMPLE A.8.1 As an example of application of the formalism, suppose that there
exists a coordinate system in which (X%) = (1,0,0,0) and dpgp. = 0. Then

Lxgab = Oogar =0 .

But the Lie derivative of a tensor field is a tensor field, and we conclude that
ZLx gap = 0 holds in every coordinate system.

Vector fields for which Zxg., = 0 are called Killing vectors: they arise from
symmetries of space-time. We have the useful formula

Zxgab = VaXp + VX (A.8.14)

An effortless proof of this proceeds as follows: in adapted coordinates in which the
derivatives of the metric vanish at a point p, one immediately checks that equality
holds at p. But both sides are tensor fields, therefore the result holds at p for all
coordinate systems, and hence also everywhere.
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The brute-force proof of (A.8.14) proceeds as follows:

fXgab = Xcﬁcgab + aa)(cgcb + 8bXCgca
- Xcacgab + 8a(Xcgcb) - Xcaagcb + ab()(cgca) - Xcabgca
8a-va + abXa + X° (8cgab - aa.gcb - abgca)

_2gcdrzb

= V. Xp+ VX, .

A.9 Covariant derivatives

When dealing with R”, or subsets thereof, there exists an obvious prescription
for how to differentiate tensor fields: in this case we have at our disposal the
canonical “trivialization {0;}i—1, . of TR™” (this means: a globally defined set
of vectors which, at every point, form a basis of the tangent space), together
with its dual trivialization {dz’ }i=1,..n of T*R™. We can expand a tensor field
T of valence (k, ) in terms of those bases,

T = Til"'ikjlmjlail ®X...xQ 8% X d]}jl ®...Q dl’je
= Th-%; L o=T(ds",. .. dx"*,0),...,0;),  (A9.1)

and differentiate each component 7% jr...jo of T separately:

i 0T, Jt o
in the coordinate system b X Taﬂl ®- - ®aﬂk ®dz"®...Qdz" .

(A9.2)
The resulting object does, however, not behave as a tensor under coordinate
transformations, in the sense that the above form of the right-hand-side will
not be preserved under coordinate transformations: as an example, consider
the one-form T = dx on R", which has vanishing derivative as defined by
(A.9.2). When expressed in spherical coordinates we have

X(T)

T = d(pcosp) = —psin pdp + cos pdp |

the partial derivatives of which are non-zero (both with respect to the original
cartesian coordinates (x,y) and to the new spherical ones (p, ¢)).

The Lie derivative .£x of Section A.8 maps tensors to tensors but does not
resolve this question, because it is not linear under multiplication of X by a
function.

The notion of covariant derivative, sometimes also referred to as connec-
tion, 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:

1. VxT is linear with respect to addition both with respect to X and T":

VxiyT =VxT+VyT, Vx(T'+Y)=VxT+VxY; (A9.3)
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2. VxT is linear with respect to multiplication of X by functions f,

VixT = fVxT; (A.9.4)

3. and, finally, VxT satisfies the Leibniz rule under multiplication of T by
a differentiable function f:

Vx(fT) = fVxT + X(f)T. (A.9.5)

By definition, if 7" is a tensor field of rank (p, ), then for any vector field
X the field VxT is again a tensor of type (p, q). Since VxT is linear in X, the
field VT can naturally be viewed as a tensor field of rank (p,q + 1).

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)7T" in (A.9.5) cancel — and is thus a tensor
field. Reciprocally, if V is a covariant derivative and A(X,T) is bilinear with
respect to addition and multiplication by functions, then

DxT :=VxT + A(X,T) (A.9.6)

is a new covariant derivative. So, at least locally, on tensors of valence (r,s)
there are as many covariant derivatives as tensors of valence (r + s,7 + s+ 1).

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.9.1), and define

DxT = Z (pinaj(Til"'ikjl._jz)ai ®X...R 82k & dat ®X...xQ dzlt . (A97)

)

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.9.6). Note that (A.9.2)
is a special case of (A.9.7) when there exists a global coordinate system on
M. Thus (A.9.2) does define a covariant derivative. However, the associated
operation on tensor fields will not take the simple form (A.9.2) when we go to
a different coordinate system {y'} in general.
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A.9.1 Functions

The canonical covariant derivative on functions is defined as

Vx(f) = X(f)

and we will always use the above. This has all the right properties, so obviously
covariant derivatives of functions exist. From what has been said, any covariant
derivative on functions is of the form

Vxf=X(f)+alX)f, (A.9.8)

where a is a one-form. Conversely, given any one form «, (A.9.8) defines a
covariant derivative on functions. The addition of the lower-order term a(X) f
(A.9.8) does not appear to be very useful here, but it turns out to be useful
in geometric formulation of electrodynamics, or in geometric quantization. In
any case such lower-order terms play an essential role when defining covariant
derivatives of tensor fields.

A.9.2 Vectors

The simplest next possibility is that of a covariant derivative of vector fields.
Let us not worry about existence at this stage, but assume that a covariant
derivative exists, and work from there. (Anticipating, we will show shortly
that a metric defines a covariant derivative, called the Lewvi-Civita covariant
derivative, which is the unique covariant derivative operator satisfying a natural
set of conditions, to be discussed below.)

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 ey, a = 1,...,dim M, such that at every point
p € ) the fields e,(p) € T,M form a basis of T,M.!

Let 8% denote the dual trivialization of T* M — by definition the §%’s satisfy

0% (ep) = 0f |-

Given a covariant derivative V on vector fields we set

Fab(X) = Ha(VXeb) < Vxe, = Fab(X)ea s (A.9.9a)
D% :=T9(ec) = 0°(Veep) | = Vxep =T X%, . (4.9.9b)

The (locally defined) functions I'%,. are called connection coefficients. If {e,}
is the coordinate basis {9, } we shall write

¥y i= Azt (V o, 00) ( — V0, = P”Wag) , (A.9.10)

!This is the case when  is a coordinate patch with coordinates (z'), then the
{€a}ta=1,....dim M can be chosen to be equal to {0;}q=1,.. dimm. Recall that a manifold is
said to be parallelizable if a basis of TM 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.9.9) have only a local character in general.
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etc. In this particular case the connection coefficients are usually called Christof-
fel symbols. We will sometimes write I') | instead of I'?,,; note that the former
convention is more common. By using the Leibniz rule (A.9.5) we find

VxY = Vx(Y%,)
= X(Y%e,+Y*Vxe,
= X(Y%e, + YU (X)ey
X(Y%) 4+ T%(X)Y)e,
X(Y?) 4+T%YXe, , (A.9.11)

—~~

which gives various equivalent ways of writing V xY. The (perhaps only locally
defined) I'%’s are linear in X, and the collection (I'*y) 4 p=1,... dim as is Sometimes
referred to as the connection one-form. The one-covariant, one-contravariant
tensor field VY is defined as

VY ==V Y00 @ ey <= Vo Y? 1= 0%(V,,Y) <= |V, Y = ¢, (Y?) + TP, Y.

(A.9.12)
We will often write V, for V,. Further, V,.Y? will sometimes be written as
Y?.,,.

A.9.3 Transformation law

Consider a coordinate basis d,, it is natural to enquire about the transformation
law of the connection coefficients Fijk under a change of coordinates x! —
y*(x%). To make things clear, let us write I, for the connection coefficients in
the x—coordinates, and K jk for the ones in the y—cordinates. We calculate:

Ty = d:ci<vaik£j)
l l
— o' (5o 55 )
i V4 l
et (o + 55 25 o)
&cid S( 2yt 0 oyt oy" , i)

I Y\ ko Ayt ' Oxd dxF By Oyt
oxt 9*y* ox' oy oy” -
= . —— T, . A9.1
dy* 0a%07 | Oy Oad D2k " (4.9.13)
Summarising,
, .0zt oyt oy"  Oxt O%*yP
') =17 — , A.9.14
ik r oys 023 Ok T Oy Dk (A.9.14)

Thus, the I'*j;’s do not form a tensor; instead they transform as a tensor plus a
non-homogeneous term containing second derivatives, as seen above. However,
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because the inhomogeneous term in (A.9.14) is symmetric under the interchange
of i and j, it follows from (A.9.14) that

i T i
Tjk'_rkj_rjk

does transform as a tensor, called the torsion tensor of V.

EXERCICE A.9.1 Let I''j; transform as in (A.9.14) under coordinate transfor-
mations. If X and Y are vector fields, define in local coordinates

VY = (X(Yi) + riijkYk) d; . (A.9.15)

Show that VxY transforms as a vector field under coordinate transformations
(and thus is a vector field).

A.9.4 Torsion

An index-free definition of torsion proceeds as follows: Let V be a covariant deriva-
tive defined for vector fields, the torsion tensor T is defined by the formula

[T(X,Y) = VxV¥ - VyX - [X,Y]], (A.9.16)
where [X,Y] is the Lie bracketWe obviously have
T(X,Y)=-T(Y,X). (A.9.17)

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.9.17) it is sufficient to do the calculation for the first slot of 7. We then have

T(fX,Y) = VixY —=Vy(fX)-[fX)Y]

f(VXY - vyx) “Y(HX - [fX,Y].  (A.9.18)

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

X, Y](g)=fX(Y(9)—  Y(fX(9)) = fIX,Y](9) =Y (f)X(g) ,
———
=Y ()X (9)+FY (X (g))
hence
[fX,Y]=fIX,Y]-Y(f)X, (A.9.19)

and the last term here cancels the undesirable second-to-last term in (A.9.18), as
required.
In a coordinate basis 9,, we have [0,,0,] = 0 and one finds from (A.9.10)

]Tﬂ,, =T (8,,8,) = (I, — 7 ,,)0, \ , (A.9.20)

which shows that — in coordinate frames — T is determined by twice the antisym-
metrization of the I'?,,’s over the lower indices. In particular that last antisym-
metrization produces a tensor field.
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A.9.5 Covectors

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(a(Y)) — a(VxY)]|. (A.9.21)

Let us, first, check that (A.9.21) indeed defines 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(faY)+ fX(aY)) —a(X(f)Y + fVXY)
= f(Vxa)(Y),
as should be the case for one-forms. Next, we need to check that V defined by
(A.9.21) does satisfy the remaining axioms imposed on covariant derivatives.

Again multi-linearity with respect to addition is obvious, as well as linearity
with respect to multiplication of X by a function. Finally,

Vx(fa)(Y) = X(faY)) = fa(VxY)
= X(NaY)+ f(Vxa)(Y),

as desired.
The duality pairing

Ty,M xTyM > (a, X) = a(X) € R
is sometimes called contraction. As already pointed out, the operation V on
one forms has been defined in (A.9.21) so as to satisfy the Leibniz rule under
duality pairing:

X(aY))=(Vxa)(Y)+a(VxY); (A.9.22)
this follows directly from (A.9.21). 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
that (A.9.22) 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)aY) + a("VxY).

Using the basis-expression (A.9.11) of VxY and the definition (A.9.21) we
have
Vya=X"Vaa,6°,

= (Ve,0)(en)

= ealaler)) — a(Ve,ep)

eq(ap) — TChq0c| .

with
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A.9.6 Higher order tensors

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

(VXTXXL.”,Xhah.”ag;zX(TQﬁ,.WX@ah.”aQ)

—T(VXXl,...,XT,Oq,...OéS)—.‘.—T(Xl,...,VXXT,al,...as)
—T(Xl,...,XT,Vqu,...as)—...—T(Xl,...,Xr,oq,...VonS) .
(A.9.23)

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

VT = XVoTu. 0,20 @ ... 00 Qep, @...R e, ,
and (A.9.23) gives

vaTaln-aTbl.“bS = (VBaT)(ealﬂ e 7€ar, ebl, e ,Gbs)
= ea(Tal...aTblmbS) - FcalaTcmarbl'“bs — = FCaTaTal...Cblmbs
+Pb1 CaTal“'arcmbs +...ot FbSCGTGL..arblmc . (A.9.24)

Carrying over the last two lines of (A.9.23) 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.9.23) 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.9.7 Geodesics and Christoffel symbols

A geodesic can be defined as the stationary point of the action

b
10) = 5 [ gt i)s)ds. (4.9.25)

where v : [a,b] — M is a differentiable curve. Thus,
N o
L(zH, ") = §ga5(aj“)x x” .

One readily finds the Euler-Lagrange equations for this Lagrange function:

2 « I5)
d<&g>—a$ LI L (A.9.26)

— |5 )= = + ——

ds \ Ozt ozt ds? B ds ds
This provides a very convenient way of calculating the Christoffel symbols:
given a metric g, write down .2, work out the Euler-Lagrange equations, and
identify the Christoffels as the coefficients of the first derivative terms in those
equations.
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(The Euler-Lagrange equations for (A.9.25) are identical with those of

5 b
T(y) = / VIgG A (#)ds (A.9.27)

but (A.9.25) is more convenient to work with. For example, .Z is differentiable
at points where 4 vanishes, while 1/|g(%,%)(s)| is not. The aesthetic advantage
of (A.9.27), of being reparameterization-invariant, is more than compensated
by the calculational convenience of .Z.)

EXAMPLE A.9.2 As an example, consider a metric of the form
g=dr*+ f(r)de® .
Special cases of this metric include the Euclidean metric on R? (then f(r) = r2),

and the canonical metric on a sphere (then f(r) = sin? r, with 7 actually being the
polar angle #). The Lagrangian (A.9.27) is thus

1
I —

—5(7;2+f(7“)¢72) .

The Euler-Lagrange equations read

oL _ d (%) = 2 (79,

% ~ds \ 0y
—
0
so that
f/
0= fg+f7p=f(p+T,0* + 208,70 +T87%) — T¢, =T% =0, If, = 2
Similarly
oL d (0L ..
_— = — —_— =T
or ds \ Or ’
~~
/2
so that
f/
I,=I.,=0, F“T"“’:_E'

A.10 The Levi-Civita connection

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

THEOREM A.10.1 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.
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PRroOF: Using the definition of V;g;; we have
0= Vigix = %igjr — T jiger — T rigej ; (A.10.1)

here we have written I‘ijk instead of Fijk, as is standard in the literature. We
rewrite this equation making cyclic permutations of indices, and changing the
overall sign:

0=—V,gki = —99ri + Thjgei + Tlijgun -
0= —Vigij = —0kgij + Tlirge; + T nae -

. . . k . .. .
Adding the three equations and using symmetry of I'J; in 4j one obtains

0 = 8ig;1 — 0j9ki — Okgij + 2T jxgui

Multiplying by ¢"™ we obtain

. 1
I = g™ T 00 = 59"“(@'9]'1@ — 0igki — Okgij) - (A.10.2)

This proves uniqueness.

A straightforward, though somewhat lengthy, calculation shows that the
' ’s defined by (A.10.2) satisfy the transformation law (A.9.14). Exercice
A.9.1 shows that the formula (A.9.15) defines a torsion-free connection. It then
remains to check that the insertion of I'™ j;, as given by (A.10.2), into the right-
hand-side of (A.10.1), indeed gives zero, proving existence. O

Let us give a coordinate-free version of the above, which turns out to be much
messier: Suppose, first, that a connection satisfying the above is given. By the
Leibniz rule we then have for any vector fields X, Y and Z,

0= (Vx9)(Y.2) = X(g(Y. 2)) — g(VxY.Z) — g(Y,VxZ). (A.10.3)

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)+9(Y,VxZ) = X(9(Y,Z)),
9(VyZ, X)+9(Z,VyX) = Y(9(Z X)),
—9(VzX,Y) —g(X,VzY) = —Z(g(X)Y)). (A.10.4)

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

9(VxY. Z)+g(Y.VxZ)+ g(VyZ,X) + g(Z,Vy X) —g(VzX,Y) — g(X,V2Y)
=g9(VxY +Vy X, 2)+g(Y,VxZ —VzX)+g(X,VyZ -VY)

=g(2VxY - [X,Y], 2) + g(Y, [X, Z]) + g(X, [V, Z])

=29(VxY,2) —g([X, Y], Z) + g(Y. [X, Z]) + (X, [Y. Z]) .

This shows that the sum of the three equations (A.10.4) can be rewritten as

29(VxY,Z) = g([X,Y],Z)—g(Y,[X7Z])—g(X7[Y,Z])
+X(9(Y,2)) +Y(9(Z, X)) - Z(9(X,Y)) . (A.10.5)
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Since Z is arbitrary and ¢ is non-degenerate, the left-hand-side of this equation
determines the vector field V xY uniquely, and uniqueness of V follows.
To prove existence, let S(X,Y)(Z) be defined as one half of the right-hand-side
of (A.10.5),
1
SX,Y)(2) = 5 (X(Q(Y, Z))+Y(9(Z, X)) - Z(9(X,Y))
+9(Z,[X,Y]) = (V. [X, Z)) = g(X, [, Z])) . (A.10.6)
Clearly S is linear with respect to addition in all fields involved. It is straightforward

to check that it is linear with respect to multiplication of Z by a function, and since
¢ is non-degenerate there exists a unique vector field W(X,Y’) such that

S(X,Y)(2)=9(W(X,Y),Z).
One readily checks that the assignment
(X,Y) = W(X,Y)
satisfies all the requirements imposed on a covariant derivative VxY. With some
more work one checks that V x so defined is torsion free, and metric compatible. O
Let us check that (A.10.5) reproduces (A.10.2): Consider (A.10.5) with X = 0,,
Y =0g and Z = 0O,

QQ(V'Yaﬁ’aU) = QQ(FP,B’YapaaU)
= 2950175,
= 8%9[30 + aﬁg'ya - 30957 (A107)

Multiplying this equation by g®?/2 we then obtain

Faﬁ,y = %g(w{aﬁggv + (979(,5 — agggw} . (AlOS)

A.11 “Local inertial coordinates”

ProprosiTION A.11.1 1. Let g be a Lorentzian metric, for every p € M there
exists a neighborhood thereof with a coordinate system such that g, = 1, =
diag(1,—1,---,—1) at p.

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

Oogap =0 (A.11.1)
at p.

The coordinates above will be referred to as local inertial coordinates near
D.

REMARK A.11.2 An analogous result holds for any pseudo-Riemannian metric.
Note that the “normal coordinates” satisfy the above. However, for metrics
of finite differentiability, the introduction of normal coordinates leads to a loss
of differentiability of the metric components, while the construction below pre-
serves the order of differentiability.
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PROOF: 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,#9/dy" be any
frame at p such that g(eq,ep) = ngp — such frames can be found by, e.g., a
Gram-Schmidt orthogonalisation. Calculating the determinant of both sides of
the equation

g,u,ueaueby = Tlab

we obtain, at p,
det(g.) det(ea”)2 =-1,

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

yﬂ = euaxa

defines a (linear) diffeomorphism. In the new coordinates we have, again at p,

g(%, %) = e”aeybg<8§#, 8@8/”) = Nap - (A.11.2)

2. We will use (A.9.14), which uses latin indices, so let us switch to that
notation. Let x* be the coordinates described in point 1., recall that p lies at the
origin of those coordinates. The new coordinates &7 will be implicitly defined

by the equations

. ) 1 . .
i A0 i adask
=12 +§Ajka:3x ,

where Aijk is a set of constants, symmetric with respect to the interchange of
j and k. Recall (A.9.14),

. ozt ozt Ox" Ot 9%xs
FZ' :FS —— —— —— _ ; A113
Jk 55 03 02k | O° kDR ( )

here we use f‘zr to denote the Christoffel symbols of the metric in the hatted
coordinates. Then, at 2* = 0, this equation reads

Ny ozt ozt ox"  9rt  9%x®

ijk = FngiiA.iA + — —
Oxs 027 0zk ~ Qx5 0zk0zI
% 5§ o oL AL,
= Fljk + Alkj .

Choosing A;k as —I'";£(0), the result follows.

If you do not like to remember formulae such as (A.9.14), proceed as follows:
Let z* be the coordinates described in point 1. The new coordinates ¢ will be
implicitly defined by the equations

1
ot = H* + iAuaﬁjaiB ,

where A*,g is a set of constants, symmetric with respect to the interchange of o
and 3. Set
0 0 )

Gap 329(@a@ 9 9 )

Jap = g<8:c0" OB
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Recall the transformation law

. s o 0T oxP
gl“’(x ):ga/@(l‘/ (l‘ ))ai,# ai,l, .

By differentiation one obtains at z# = &#* = 0,

6g v 89 v @ o
I (0) = 2 (0) + gap(0) (A02 +334%,,)
m
= Gar O+ Avp + Ay (A.11.4)

where
Aapy = gao(0)A%p .

It remains to show that we can choose A, so that the left-hand-side can be made
to vanish at p. An explicit formula for A,, can be obtained from (A.11.4) by a
cyclic permutation calculation similar to that in (A.10.4). After raising the first
index, the final result is

1 095 093 ag,
AC — 0P Yo P _ Y .
fr = 59 { dzr Oz 9zP (0);

the reader may wish to check directly that this does indeed lead to a vanishing
right-hand-side of (A.11.4).

A.12 Curvature

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

(A.12.1)

R(X,Y)Z :=VxVyZ —VyVxZ —Vixy|Z

where, as elsewhere, [X,Y] is the Lie bracket defined in (A.3.6). We note the
anti-symmetry
R(X,Y)Z = -R(Y,X)Z . (A.12.2)

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.9.19))

R(fX,Y)Z = VixVyZ—VyVixZ—Vxy|Z
= [VxVyZ - Vy(fVxZ) - Vyixy-vHxZ

=fVixyvZ-Y(/)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,
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let us do the ugly one first. We use the coordinate system of Proposition A.11.1
below, in which the first derivatives of the metric vanish at the prescribed point p:

V.V, ZF = 00,2 —TF ;25 +0x VZ
——
at p
= 828JZ]€ — aiF’“nge at p . (A.12.3)

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¥, while (A.12.1) involves covariant derivatives of vector fields
only, so the equivalence of both approaches requires a further argument. This is
provided in the calculation below leading to (A.12.5).

Next,
R(X,Y)(fZ) = VxVy(fZ)-VyVx(fZ) - Vixy|(f2)
{vx(v(nz+rvvz)}-{}
—[X,YI(/)Z = fVixyZ

— {X(Y(f))Z—i-Y(f)VXZ+X(f)VYZ_|_vaVYZ} B { Ny }
b

XY

XY

- XY Z—-fVixnZ .
————

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

R(X,Y)(fZ) = fR(X,Y)Z.
In a coordinate basis {e,} = {8,} we find? (recall that [9,,d,] = 0)
Ragfy(; = <d$a, R(aw 85)65>
= (dz®,V,Vs508) — (- )50y
= (dz®,V,(I'78505)) — (- )55y
= (dz®,0y(I' 35)05 + 175,17 350,) — (- )63
= {a'yraﬁé + Fao'yraw} -{ '}6<—w ’

leading finally to

R%gy5 = 0% g5 — 051 gy + T4 17 g5 — I 517 g ‘ . (A.12.4)

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

2The 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 [125].
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THEOREM A.12.1 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.

PRrOOF: The condition is necessary, since Riem is a tensor. The sufficiency will
be admitted. O

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,
this can, e.g., be done online on http://grtensor.phy.queensu.ca/NewDemo.
The MATHEMATICA package XAcCT [114] provides a very powerful tool for all
kinds of calculations involving curvature.

EXAMPLE A.12.2 As a less trivial example, consider the round two sphere, which
we write in the form

g =do® +e*dy? e* =sin?6 .
The Christoffel symbols are easily founds from the Lagrangean for geodesics:
< = %(9’2 + el p?) .
The Euler-Lagrange equations give
I, =—fe, T¥y,=T%0=f,

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

R0 = —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.12.1) 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° = 8,0,2° ,

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

V.V, 27 #£N N, Z7 .
To find the correct formula let us consider the tensor field S defined as

Y — S(Y):=VyZ .
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In local coordinates, S takes the form
S = VMZV dﬂl“u X 8,, .

It follows from the Leibniz rule — or, equivalently, from the definitions in
Section A.9 — that we have

(Vx8)(Y) = Vx(S(Y))—S(VxY)
= VxVyZ-Vy v Z.

The commutator of the derivatives can then be calculated as

(VxS)(Y) = (VyS)(X) = VxVyZ-VyVxZ—-Vy,wZ+Vy,xZ
— VxVyZ-VyVxZ - VixyZ
+Vixy)Z — VvxvZ+ Vv, xZ
= R(X,Y)Z ~Vyxy)Z. (A.12.5)

Writing VS in the usual form
VS =V,S8,"dz’ @ da" ® 0, = VsV, 2" dz® @ da' ® 0, ,
we are thus led to
v.,V,Zz* -V, V,Z% = R, Z° =T,V Z" . (A.12.6)

In the important case of vanishing torsion, the coordinate-component equivalent
of (A.12.1) is thus

(VYo X =V, V, X = R X7 |. (A.12.7)

An identical calculation gives, still for torsionless connections,
V.Vyaq —V,Vyaq = —Rquas (A.12.8)

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

ViViltar. a5 = V¥V utay o0 Ps =

_Rgaluutm..arﬁlnﬂs T e

R tar o Rty 0P (A.12.9)

A.12.1 Bianchi identities

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

Raﬁws = —Ra@h . (A.12.10)
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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),  (Al211)
(XY Z]

thus Z[ XY Z] is a sum over cyclic permutations of the vectors X,Y, Z. Clearly,

YAXY,Z)= ) AV, Z,X)= ) AZX)Y). (A.12.12)
(XY 2] (XY Z] (XY Z]

Suppose, first, that X, Y and Z commute. Using (A.12.12) together with the
definition (A.9.16) of the torsion tensor 7' we calculate

S RXY)Z = Y (VXVyZ _ vyvxz)
(XY Z] (XY Z]
= > (VaWZ-Vy (VX +T(X.2) )
(XYZ] we have used [X,Z]=0, see (A.9.16)
= > VxWZ- Y WVX- > Vy(T(X,Z))
(XY Z] (XY Z] (XY Z] N

=—T(Z,X)

=0 (see (A.12.12))

(XY Z]

and in the last step we have again used (A.12.12). This can be somewhat
rearranged by using the definition of the covariant derivative of a higher or-
der tensor (compare (A.9.23)) — equivalently, using the Leibniz rule rewritten
upside-down:

(VxT)(Y,2) =Vx(T(Y,2)) - T(VxY,Z) = T(Y,VxZ) .

This leads to

S Vx(v,2) = Y (VD). 2) +T(VxY,2) +T(Y,  YxZ )
(XY Z] (XY Z] =T(X,Z)+VzX
= 3 ((IxD)(Y, 2) - T(T(X, 2),Y))
(XY Z] T zx)
+ ) T(VxY,2)+ Y T(Y,VzX)
(XY Z] XYZ) 2 X

=0 (see (A.12.12))

= > (WD, 2+ T(I(X,Y), 2)) .
(XY Z]
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Summarizing, we have obtained the first Bianchi identity:

YN RXY)Z= Y ((VXT)(Y,Z)+T(T(X,Y),Z)), (A.12.13)
(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.12.13) can be rewritten as

| R%gys + R + R%py = 0. (A.12.14)

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

S VxR, W) = 3 YW VAW VYV W)
(XY Z] XYZ]  _R(XY)VzW+VyVxVzW
= ) RX,Y)VW
(XY Z]
+ Y VyVxVzW— > VxVzVyW
(XY Z] (XY Z]
=0
(A.12.15)
Next,
> (VxR Z2W = > (Vx(R(Y, Z)W) - R(VxY, Z)W
(XY Z] (XY Z]
“R(Y, VxZ )W—R(Y,Z)VXW)
|
=V X+T(X,Z)
= ) Vx(R(Y,Z)W)
(XY Z]
= ) R(VxY,2)W - ) R(Y,VzX)W
N——
XY Z] (XYZ] _ pwaxy)w

=0
-y ( (Y, T(X, Z))W+R(Y,Z)VXW>
XY Z]

- ¥ (vX(R(Y, Z)W) - R(T(X,Y), Z)W — R(Y, Z)VXW) .
(XY Z]
It follows now from (A.12.15) that the first term cancels out the third one,
leading to

S (VxR)(Y,Z)W =- ) R(T(X,Y),2)W, (A.12.16)
(XY Z] (XY Z]
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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.12.16) reads

B upyis + B s + Ry = 0‘ : (A.12.17)

A.12.2 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

g(X,R(Y,Z)W)=g(Y,R(X,W)Z) . (A.12.18)
If one sets
’Rabcd ‘= Gaeped | (A.12.19)
then (A.12.18) is equivalent to
Rabed = Redab | - (A.12.20)

We will present two proofs of (A.12.18). The first is direct, but not very
elegant. The second is prettier, but less insightful.

For the ugly proof, we suppose that the metric is twice-differentiable. By
point 2. of Proposition A.11.1, 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.12.4) evaluated at p therefore reads

Raﬂvé = 87Fa55 - 851“57
1
= 3 {90‘037(35905 + 08955 — 009ps)

—9“?05(0v908 + 089y — 30957)}
1
= 59“ {(%3/3905 — 0405985 — 050890y + 050598+ } :

Equivalently,

1
Ropy5(0) = 5{5736906 — 005985 — 050890~ + 858095&(0) . (A12.21)

This last expression is obviously symmetric under the exchange of o8 with ~d,
leading to (A.12.20).

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=V4Vigea — VoVaged = —Recabged - Redabgce ) (A1222)



A.13. GEODESIC DEVIATION (JACOBI EQUATION) 97

leading to anti-symmetry in the first two indices:

Rabcd = _Rbacd .

Next, using the cyclic symmetry for a torsion-free connection, we have

Reoped + Reabd + Rocad =
Rpcda + Rabea + Redba
Redab + Racdo + Rdach
Raape + Rpdac + Rabde =

I
c o o o

The desired equation (A.12.20) follows now by adding the first two and sub-
tracting the last two equations, using (A.12.22).

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 c¢d, 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. (A1223)

If @ = b this reads
Raacd + Racad + Reaaa =0 3

which has already been accounted for. Similarly if a = d we obtain
Ravea + Rocaa + Reaba =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.12.23) 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.13 Geodesic deviation (Jacobi equation)
Suppose that we have a one parameter family of geodesics
(s, ) (in local coordinates, (v*(s,\))),

where s is the parameter along the geodesic, and A is a parameter which dis-
tinguishes the geodesics. Set

_ 0v(s, \) _ 0v*(s, A)

Z(s,A): B\ B3\

Ou s
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for each A this defines a vector field Z along (s, A), which measures how nearby
geodesics deviate from each other, since, to first order, using a Taylor expansion,

7 (5,0) = 7% (5, X0) + Z(A = Xo) + O((A = X)) -

To measure how a vector field W changes along s +— 7(s, ), one introduces
the differential operator D/ds, defined as

DWH O(WH on)

= TJrr“amﬁWa (A.13.1)
oW H

= 15W+F”amﬁwa (A.13.2)

= v, (A.13.3)

(It would perhaps be more logical to write D gz “ in the current context, but

people never do that.) The last two lines only make sense if W is defined in
a whole neighbourhood of ~, but for the first it suffices that W (s) be defined
along s — (s, A). (One possible way of making sense of the last two lines is to
extend W to any smooth vector field defined in a neighorhood of v#(s, A), and
note that the result is independent of the particular choice of extension because
the equation involves only derivatives tangential to s — (s, A).)

Analogously one sets

DWH o O(WH on)

o 5 + TH 50\ W (A.13.4)
oWt
= Z°Pvgwh. (A.13.6)

Note that since s — (s, \) is a geodesic we have from (A.13.1) and (A.13.3)

Dyt Dy* 9" B0
BT g = g Tttt =0 (A.13.7)

(This is sometimes written as ¥*V,4* = 0, which is again an abuse of notation
since typically we will only know #* as a function of s, and so there is no such
thing as V,4*.) Furthermore,
Dz D%yt DA+
= T e gsBane = 2 (A.13.8)

ds ~~ 0sO\ ~~ d\
(A.13.1) (A.13.4)

(The abuse-of-notation derivation of the same formula proceeds as:

2 A1
— 2 uwo B a B T Y
, 030A+F ag¥ " = 27Vt =Vt
(A.13.3) (A.13.6)

V2t =4V, 20 = 5V,00"

(A.13.9)
which can then be written as

ViZ =Vz%.) (A.13.10)
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One can now repeat the calculation leading to (A.12.7) to obtain, for any vector
field W defined along +*(s, \),

DD DD ‘o
T W S W = R ZPWe . (A.13.11)

If W# = 4# the second term at the left-hand-side is zero, and from %”y = %Z
we obtain

D2zr
ds?
We have obtained an equation known as the Jacobi equation, or as the geodesic
deviation equation; in index-free notation:

(8) = Rapo"y*ZP4° . (A.13.12)

D27
22 R 2)|. A.13.13
e (¥, Z)% ( )

Solutions of (A.13.13) are called Jacobi fields along .

A.14 Exterior algebra

A preferred class of tensors is provided by those that are totally antisymmetric
in all indices. Such k-covariant tensors are called k forms. They are of spe-
cial interest because they can naturally be used for integration. Furthermore,
on such tensors one can introduce a differentiation operation, called exterior
derivative, that does not require a connection.

Let oy, i =1,...,k, be a collection of one-forms, the exterior product of the
«;’s is a k-form defined as

(041 VANEEIWAN Oék)(Xl, - ,Xk) = det (Ozl(X])) , (A.14.1)

where det (o;(X;)) denotes the determinant of the matrix obtained by applying
all the o;’s to all the vectors X;. For example

dz® Adzb(X,Y) = XYP —yexe.

Note that this equals dz®®@da? —dz?@dz®, which is twice the antisymmetrisation
dzl*®@dz?!. More generally, if « is a totaly anti-symmetric tensor with coordinate
coefficients ay,...q,, then

a = Qg..qdr" @ @dz
= aal...akdx[al K- & d.%'ak]
1

- Haay-.akd%al Ao A dx®

= Z gy apdx™ N Ndx

a1<---<ag

This formula makes clear the factorial coefficients needed to go from tensor
components to the components in the dz® A --- A dz® basis.
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A.15 Null hyperplanes and hypersurfaces

One of the objects that occur in Lorentzian geometry and which posses rather
disturbing properties are null hyperplanes and null hypersurfaces, and it ap-
pears useful to include a short discussion of those. Perhaps the most unusual
feature of such objects is that the direction normal is actually tangential as
well. Furthermore, because the normal has no natural normalization, there is
no natural measure induced on a null hypersurface by the ambient metric.

We start with some algebraic preliminaries. Let W be a real vector space,
and recall that its dual W* is defined as the set of all linear maps from W to R in
the applications (in this work only vector spaces over the reals are relevant, but
the field makes no difference for the discussion below). To avoid unnecessary
complications we assume that W is finite dimensional. It is then standard that
W* has the same dimension as W.

We suppose that W is equipped with a a) bilinear, b) symmetric, and c)
non-degenerate form gq. Thus

q: W —->W
satisfies
a) qAX +pY,Z) = XM(X,2)+pg(Y,Z), b)) qX,Y)=q(Y,X),
and we also have the implication
¢) YWWeWq¢X,Y)=0 = X=0. (A.15.1)

(Strictly speaking, we should have indicated linearity with respect to the second
variable in a) as well, but this property follows from a) and b) as above). By an
abuse of terminology, we will call ¢ a scalar product; note that standard algebra
textbooks often add the condition of positive-definiteness to the definition of
scalar product, which we do not include here.

Let V C W be a vector subspace of W. The annihilator V° of W is defined
as the set of linear forms on W which vanish on V:

Vi={acW*: W eV o)=0}CcW*.

V0 is obviously a linear subspace of W*.
Because ¢ non-degenerate, it defines a linear isomorphism, denoted by b,
between W and W* by the formula:

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

Indeed, the map X — X" is clearly linear. Next, it has no kernel by (A.15.1).
Since the dimensions of W and W* are the same, it must be an isomorphism.
The inverse map is denoted by ff. Thus, by definition we have

g Y) = a(Y) .

The map b is nothing but “the lowering of the index on a vector using the metric
q”, while { is the “raising of the index on a one-form using the inverse metric”.
For further purposes it is useful to recall the standard fact:
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ProPOSITION A.15.1
dimV +dimV? = dim W .

PROOF: Let {€;}i=1 . dimv be any basis of V', we can complete {e;} to a basis
{ei, fo}, witha =1,...,dimW —dimV, of W. Let {e}, fi} be the dual basis
of W*. Tt is straightforward to check that V' is spanned by {f;}, which gives
the result. |

The quadratic form ¢ defines the notion of orthogonality:
Vi={Y eW:VX eV g(X,Y)=0}.
A chase through the definitions above shows that
Vi = (V0.
Proposition A.15.1 implies:

PrOPOSITION A.15.2
dimV + dim V* = dim W .
This implies, again regardless of signature:

PRrROPOSITION A.15.3
(dimVHt =Vv.

ProOF: The inclusion (dim V+)+ S V is obvious from the definitions. The
equality follows now because both spaces have the same dimension, as a conse-
quence of Proposition (A.15.2). O

Now,
Xevnvt = ¢X,X)=0, (A.15.2)

so that X vanishes if ¢ is positive- or negative-definite, leading to dim V' N
dimV+ = {0} in those cases. However, this does not have to be the case
anymore for non-definite scalar products q.

A vector subspace V of W is called a hyperplane if

dimV =dimW —1.
Proposition A.15.2 implies then
dimV+ =1,

regardless of the signature of q. Thus, given a hyperplane V there exists a
vector w such that
Vi=Ruw.
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If ¢ is Lorentzian, we say that

spacelike if w is timelike;
Vis timelike  if w is spacelike;
null if w is null.

An argument based e.g. on Gram-Schmidt orthonormalization shows that if V' is
spacelike, then the scalar product defined on V' by restriction is positive-definite;
similarly if V' is timelike, then the resulting scalar product is Lorentzian. The
last case, of a null V, leads to a degenerate induced scalar product. In fact, we
claim that

V is null if and only if V' contains its normal. . (A.15.3)

To see (A.15.3), suppose that V+ = Rw, with w null. Since g(w,w) = 0 we
have w € (Rw)*, and from Proposition A.15.3

we Rw)yt =VHt=v.

Since V' does not contain its normal in the remaining cases, the equivalence is
established.

A hypersurface is A C A called null if at every p € .4 the tangent space
T,/ is a null subspace of T,.#. So (A.15.2) shows that a normal to a null
hypersurface .4 is also tangent to .4".

A.16 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.16.1)

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 = Ga(Veceb) <~ VXeb = wachcea s (A.16.2)

where, as elsewhere, {6%(p)} is a basis of Ty M dual to {e.(p)} C T, M; we will
refer to 0% as a coframe. The connection one forms w%, are defined as

wih(X) :=0(Vxep) <= Vxe,=w"X)eq ;. (A.16.3)

As always we use the metric to raise and lower indices, even though the w%.’s
do not form a tensor, so that

Wabe = gadwebc y  Wab = gaeweb . (A164)
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When V is metric compatible, the wy,’s are anti-antisymmetric: indeed, as the
Jab’s are point independent, for any vector field X we have

0= X(gar) = X(g(€a,e)) = g(Vxea,ep)+ g(ea; Vxep)
g(wa(X)ec, €) + glea, ws(X)eq)
9ebw’a(X) + gaaw?s(X)

= Wpa(X) + waep(X) .

Hence

Wabh = —Wha A Wabe = —Whae ‘ . (A165)

One can obtain a formula for the wgy’s in terms of Christoffels, the frame
vectors and their derivatives: In order to see this, we note that

g<ea7 veceb) - g(em deced> = gadwdbc = Wabc - (A166)

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

Wabe = G(€q, Ve 0) <= wap(X) =gleq, Vxep) . (A.16.7)
Then, writing
eq = €q"'0y ,
we find
Wabe = g(€a"Op, eV rep)
= guoea”eﬁ(&\eb“ + Fg\rl,eby) . (A.16.8)

Next, it turns out that we can calculate the wgy,’s in terms of the Lie brackets
of the vector fields e,, without having to calculate the Christoffel symbols. This
shouldn’t be too surprising, since an ON frame defines the metric uniquely. If
V has no torsion, from (A.16.7) we find

Wabe — Waech = g(eaa veceb - Vebec> = g(€a7 [667 eb]) .

We can now carry-out the usual cyclic permutations calculation to obtain

Wabe — Wach = g(eaa [ec, eb]) ;
_(wbca - wbac) = _g(eba [ecw ec]) 5
_(wcab - wcba) = _g(eca [eba ea]) .

So, if the connection is the Levi-Civita connection, summing the three equations
and using (A.16.5) leads to

1

B <9(€aa lec, ev]) — gles, [€q, ec]) — glec, (e, ea])) . (A.16.9)

Wabe =

Equations (A.16.8)-(A.16.9) provide explicit expressions for the w’s. While it is
useful to know that there are such expressions, and while those expressions are
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useful to estimate things for PDE purposes, they are rarely used for practical
calculations; see Example A.16.2 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(a(X)) —a([X,Y]) . (A.16.10)

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

and using (A.16.10) together with the definition (A.9.16) of the torsion tensor
T we calculate as follows:
TYX,Y) = 6°(VxY —VyX — [X,Y])

= XY+ (XY - V(XT) = wh (V)X - 0°([X,Y])

= X(0°(Y)) = Y(6°(X)) = 0°([X, Y]) + w"(X)8°(Y) — w(Y)6"(X)

= dOUX,Y)+ (W AO°)(X,Y) .
It follows that

T = dh* + w A 67 . (A.16.11)

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

do® +wi NO® =0|. (A.16.12)

EXAMPLE A.16.1 As a simple example, we consider a two-dimensional metric of
the form

g = da® + e*dy? (A.16.13)
where f could possibly depend upon x and y. A natural frame is given by
' =de, 60*>=eldy.
The first Cartan structure equations read

0= do' +w'y AO® = w'y AO?,
0

since w!i; = wy; = 0 by antisymmetry, and

0= di* +w'yAO®=0,0" NO%+ W AOL.
ef 8, fdxNAdy

It should then be clear that both equations can be solved by choosing w15 propor-
tional to #2, and such an ansatz leads to

wig = —woy = —0, f 0% = —8,(e!) dy . (A.16.14)
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EXAMPLE A.16.2 As another example of the moving frame technique we consider
(the most general) three-dimensional spherically symmetric metric

g=e2PMdr? 4+ 2 dp? 4 2 sin? fdp? . (A.16.15)
There is an obvious choice of ON coframe for g given by
0t = ePWdr 02 = Mdl , 63 = ' sinbdy , (A.16.16)
leading to
g=0'® 0 +6°2 ?+0°x 6,
so that the frame e, dual to the 8*’s will be ON, as desired:
gab = g(€q, €p) = 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 wg;, 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.16.5), the compatibility with the metric will be ensured if
we require

w11 = w2 = w33z =0,

Wiz = —W21, W13 = —W31, W23 = —Ws32.
Next, we have the equations for the vanishing of torsion:
0:d91 = —wll 91 —w1292 —w1393
~—~

=0
_ _w1202 o w1393 ,

d9> = AevdrNd) =~'e POt NG
— w21 91 — w22 92 — w2303
~—~ ~—~
=—wly =0
_ w1291 o w2303 ,
do® = ~e'sinfdr Adp+ e cosfdf Ade =~'e PO NG + eV cot 6% A6
— w31 91 — w32 92 — w33 93
~—~ ~—~ ~—~
=—w'y =—w?3 =0

= w1301 +w2302 .

Summarising,
—w1292 — w1393 = 0 s
whyo! — w20 = Ae POt 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 w's proportional
to 63 should work. It is then easy to find the relevant coefficient, as well as to find
w23:
why = —e P2 =—+'ePdp (A.16.17a)
wls = —e P9 = —~'e P sinbdy (A.16.17b)
w?3 = —e Ycotfh® = —cosfdp . (A.16.17¢c)
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It is convenient to define curvature two-forms:
a a c d 1 a c d
Q% = R%eq0° ® 0° = §R bedd< N 0% . (A.16.18)

The second Cartan structure equation then reads

’ 0% = dw?p + w A w

. (A.16.19)

This identity is easily verified using (A.16.10):

Q% (X,Y) = %Rabcd 0° A OY(X,Y)
—_xeyd_xdye
= R%aX°Y!
= 0%(VxVye, — VyVxey, — Vixyie)
= 0°(Vx(%(Y)ec) = Vy (wh(X)ec) — w%([X, Y])ec)
= 0" (X (@ (V))ec +w(Y)Vxe

Y (w%(X))ec — w(X)Vye. — w5 ([X, Y])ec)
= X(W"(Y)) +w(Y)w(X)
=Y (W% (X)) = w(X)we(Y) — w([X,Y])
= X(w'(Y)) = Y(w"(X)) — w([X,Y])
—duy (X,Y)
Fw? (X)w(Y) — w?(Y)w(X)
= (dw'% 4w Aw%)(X,Y).

Equation (A.16.19) provides an efficient way of calculating the curvature tensor
of any metric.

ExAMPLE A.16.1 cONTINUED We have seen that the connection one-forms for the
metric
g = dz? + e dy? (A.16.20)

read
Wip = —wo1 = —0u f 02 = =0, (ef) dy .
By symmetry the only non-vanishing curvature two-forms are {215 = —9;. From
(A.16.19) we find
Qo = dwis + wip Awby = —8i(ef) dr N\ dy = —e_fai(ef) o' A 6% .
—_——
=wisAw22=0

We conclude that
Rigia = —e 102(e7) . (A.16.21)

(Compare Example A.12.2; p. 92.) For instance, if g is the unit round metric on
the two-sphere, then f = sinz, and Ri212 = 1. If f = sinh x, then g is the canonical
metric on hyperbolic space, and Rjs12 = —1. Finally, the function f = coshx
defines a hyperbolic wormhole, with again Rjs10 = —1.
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EXAMPLE A.16.2 CONTINUED: From (A.16.17) we find:

ng = dwlg + wll /\wlg +w12 A\ w22 +w13 /\w32
N ~  N——
=0 =0 ~03N03=0

= —d(vePdp)

= —(ye P dr A db

= —(ye Pty e Prgt A G2
= ) R A6,

a<b
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which shows that the only non-trivial coefficient (up to permutations) with the pair

12 in the first two slots is
Rlos = _(7/e—ﬂ+7)/e—ﬁ—v .

A similar calculation, or arguing by symmetry, leads to

Rlgiz = —(y/e PH1)e P77
Finally,
923 = dw23 + w21 A OJ13 + w22 /\UJ23 + w23 A UJ33
= ~~
=0 =0
= —d(cosOdp) + (v e P0%) A (—'e P0%)
_ <€72'y _ (7/)2672,8)92 A 93 )
yielding

R2323 _ 6727 o (7/)2672ﬂ )
The curvature scalar can easily be calculated now to be

R — RZ]’L] 2(R1212 +R1313 +R2323)

_4(7/6—/#7)/6—13—7 + 2(6—2’7 _ (7/)26—25) .

(A.16.22)

(A.16.23)

(A.16.24)

(A.16.25)
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Appendix B

Weyl connections, conformal
rescalings of the metric

Consider a metric g related to g by a conformal rescaling:
gii =¥ = §7=¢"9", (B.0.1)

where ¢ is a function and /¢ is a real number. This gives the following transfor-
mation law for the Christoffel symbols:

~. 1 o _ _
ik = 59" (9jkm + Ogim — Omijk)
L im ~ ~
=S¢ "9 Gem) + (@ Gjm) — Om(9 gjx))
2
i £ i i
= M+ %(5k8j90 + 5]'814:90 — gjrD ©), (B.0.2)
where D denotes the covariant derivative of g. Equation (B.0.2) can be rewrit-
ten as
DxY = DxY +C(X,Y), (B.0.3)
with
l
CXY) =5 (Y(go)X + X(9)Y — g(X, Y)Dcp) (B.0.4a)
l B -
=3 (Y(@X + X(9)Y — (X, Y)Dcp) . (B.0.4b)

B.1 The curvature

Let Riem denote the curvature tensor of a connection of the form (B.0.3); from
(B.0.4) we obtain

RX,Y)Z = (DxDyZ-X Y) - DixyZ

- (DX(DYZ L O, 2) + C(X,(Dy Z + C(Y, Z)) — X ¢ Y)

109
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_D[X,Y]Z_C( [XaY] aZ)
—DxY—-Dy X

— R(X.Y)Z + ((DxO)(Y, 2) + C(DxY, Z) + C(Y, Dx )
+C(X,DyZ)+C(X,C(Y,2)) — X & Y> — C(DxY,Z)+C(DyX, Z)
= R(X,Y)Z+ ((DXC)(Y, Z)+ O(X, 0, 2)) — X ¢ Y) .
In index notation this can be rewritten as
R = Ripe + Clyjk — C'kjur + ClinC™ 0 — Oy C™ i (B.1.1)

B.1.1 The Weyl conformal connection

There is a natural generalisation of (B.0.3)-(B.0.4) to Weyl conformal connec-
tions, obtained by the replacement

L0,

20 — fa (B.1.2)

there, where f,dz® is an arbitrary one-form, not necessarily exact (compare [71]).
In other words, one sets

Cje = 83.fx + 0S5 — 9" fe g - (B.1.3)

Since Cijk is symmetric in j and k, the connection D is always torsion-free.
Inserting into (B.1.1) one finds the following formula for the curvature tensor
of a Weyl connection

Rl = Rijk€+2<fj;[k5é} +05 fiew) — w90+ 0 fa £ —gj[kfz}fi—5fkgqumfm) :

(B.1.4)
Contracting over ¢ and k one obtains the Ricci tensor of D
Rj¢ = Ric(g)y
= Rje+ (1 —=n)fje+ foj— fugje + (n—=2)(fife — gjefmf™) -
(B.1.5)

(Note that Rjg is not symmetric in general.z We calculate the Ricci scalar of
the Weyl connection by taking the trace of Rj, using the metric g:

G'Rjp = R—(n—1)2f%+ (n—2)fmf™) (B.1.6)

(the reader is warned that this is not the curvature scalar of the metric § when
fa 1s expressed in terms of ¢ using (B.1.2), see (B.1.14) below).
For n # 2 it is convenient to introduce the tensor

~ 1 ~ n—2 ~ 1 Kl =
Lij = (R(ij) - Ry — mgijg Rkl) . (B.1.7)

n—2 n
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which is a natural generalisation of the Schouten tensor A;; associated to a
metric g:
1 1 "
Aij = Rij = 5 —qy 99 e ) - (B.1.8)

n—2

From (B.1.5)-(B.1.8) one finds
1 -
Difj_fifj+§gijfkfk:Aij—Lij . (B.1.9)

B.1.2 The Weyl tensor
Using (B.1.9) to eliminate the derivatives of f; from (B.1.4) one obtains
R jkt = 2{5[ikl~/£]j - 5;E[k£] - Qj[kie}i} + Cijke , (B.1.10)

where the Weyl tensor Cijkg is defined as

1
Cijii = Rijp — > (9ikRji — guRjr — gjRa + gjiRir)
1
e R(GinGi — G510
+ (TL _ 1)(n _ 2) (glkg]l gzlg]k)
= Ry — Aixgji + Augjix + Ajegi — Ajgir - (B.1.11)

The Weyl tensor has the important property that all its traces vanish, in par-
ticular
C Zjik =0.

B.1.3 The Ricci tensor and the curvature scalar

We now return to (B.0.4); in this case ]N%ij is the Ricci tensor of the metric g;;,
hence L;; = A;j, the Schouten tensor of g;;. Equation (B.1.10) is the statement
that Cijkg is invariant under conformal changes of the metric:

C'jke = C' i -

Next, (B.1.9) can be viewed as a transformation law of the Schouten tensor
under conformal changes. Indeed, expressing f, in terms of ¢ by inverting
(B.1.2), Equation (B.1.9) can be rewritten as

~ l l l
Aij = Aij — 25 DiDiv+ 1 ((2 +£)DipDjp — *gz'jDkSODk90> , (B.1.12)
@ 4p 2
which does not have any dimension-dependent coefficients, and which simplifies
somewhat when ¢ = —2. Similarly, (B.1.5) gives

- (n—2)¢ (n—2)¢(0+2) 14
R;; = R;;— TDiDjtp + 4—@2Di90Dj(p — %Agcpgij
n—2)0% — 20
—%D%DW% : (B.1.13)

4o
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Taking a g-trace one obtains

R = §9R;j=¢ 'g"R;
_ n—1)¢ n—10{(n—-2)0—-4}
ot (me O DO 2 )
¥ ¥
(B.1.14)
For n # 2 a very convenient choice is
(n—=2){=4, (B.1.15)
leading to
- 4 ~ _ 4 4(n—1)
Gij = ©" 245 , R=¢ n2 (R—A cp> : B.1.16
J J (n72)80 g9 ( )

An immediate useful consequence of (B.1.16) is the following: if R = 0 and if ¢
is g-harmonic (i.e., Agp = 0), then ¢ also has vanishing scalar curvature, and
® is g-harmonic.
For n = 2 a clever choice is to take £ = 1, and set ¢ = e“, which leads to
gij = e“gij s R =e ¢ (R — Agu) . (B.1.17)

For the record we note the metric version of (B.1.10),

Rijre = 2{00 Ag; — 940"} + Clie - (B.1.18)

B.2 The wave equation

Under a conformal transformation as in (B.1.16) we have the following trans-
formation law for the Laplacian acting on functions:

1
A;f = ——0 det gi:5™0
gf Tot gij k( gijg éf)
2n
Tn—2 n
- “’%@g(wfﬂ% det gz«jg’“azf)

02
—_— ke
= @ 2 (Agf + 20 g OkpOuf) .

This implies

= e (Agf + 207 g 00, f — 4((:2 )) Rf + sO‘lwa)
_ A _ (n—2)
= (Ag(fw) 1(n = 1)Rf<p
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Hence the operator
(n—2)

B = 4n—1)

4
is conformally-covariant: if g;; = ¢pn-2g;;, then

<Ag - 4((’;__21))}?) f=g s (Ag - mR> fo: (B.2.1)

equivalently

B.3 The Cotton tensor

Given any pseudo-Riemannian metric g;;, the Cotton tensor B;j;, is defined as

where A;; is the Schouten tensor (B.1.8). The tensor Bjj; has the following
properties
S——r ~ S—~—
(a) ) (c)
which, from a purely algebraic point of view, allows a five-dimensional vector
space of such tensors at each space point. (The first property in (B.3.2) follows
immediately from the definition; similarly the last one is obvious in view of the
symmetry of A;; in its indices. The middle-one coincides with the contracted
Bianchi identity, R;/,; = 1R.;.)
The Cotton tensor further satisfies the differential identity

Bk = 0. (B.3.3)

One can think of the Cotton tensor as the three-dimensional counterpart

of the Weyl tensor. Indeed, the Weyl tensor vanishes identically in dimension

three so it is not of much interest there. On the other hand, B transforms
homogeneously under conformal transformation when n = 3. Indeed,

In dimension three, an object equivalent to the Cotton tensor is the tensor

1
5e’diBjk, . (B.3.4)

The tensor H;; is symmetric, tracefree and divergence-free. Indeed, the van-
ishing of its trace is precisely (B.3.2)(c). The vanishing of the divergence is
(B.3.3). To see the symmetry, we calculate as follows

Hij =

Hiy = B = Bus+ B + Bssz —Bus - Bass = _ Bi1s
def. =0 by (B.3.2)(b) =0 by (B.3.2)(a) =—Bi31 by (B.3.2)(a)
= Hy .
def.

Finally, one readily verifies the inversion formula

Bijk = ejx Hg . (B.3.5)
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B.4 The Bach tensor

The Bach tensor is defined by the formula
cd 1 cd
Bab = DD Cabcd + §R Cacbd (B41)

Its interest arises from the fact that it is conformally covariant in four dimen-
sions,

9ij — ngij = Bij — w*2BZ-j .
Whatever the dimension, B;; vanishes if g is Einstein. This follows from the
fact that DClpeq vanishes for Einstein metrics by the Bianchi identity, while

the second term in (B.4.1) becomes a trace in the second and third index, which
is zero for the Weyl tensor.

B.5 The Graham-Hirachi theorem, and the Fefferman-
Graham obstruction tensor

B.5.1 The Fefferman-Graham tensor

Let, as elsewhere, n+1 denote space-time dimension, with n odd. The Fefferman-
Graham tensor H is a conformally covariant tensor, built out of the metric g
and its derivatives up to order n + 1, of the form

H = (V*V)"T 2[V*V(A) + VE(trA)] + F" (B.5.1)

where A is the Schouten tensor (B.1.8), and where F" is a tensor built out of
lower order derivatives of the metric (see, e.g., [79], where the notation O is
used in place of H). It turns out that F" involves only derivatives of the metric
up to order n — 1: this is an easy consequence of Equation (2.4) in [79], using
the fact that odd-power coefficients of the expansion of the metric g, in [79,
Equation (2.3)] vanish. (For n = 3,5 this can also be verified by inspection of
the explicit formulae for F2 and F° given in [79].)
The system of equations

H=0 (B.5.2)

will be called the Anderson-Fefferman-Graham (AFG) equations. It has the
following properties [79]:

1. The system (B.5.2) is conformally invariant: if g is a solution, so is ¢?2g,
for any positive function ¢.

2. If g is conformal to an Einstein metric, then (B.5.2) holds.
3. H is trace-free.

4. H is divergence-free.
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The tensor H was originally discovered by Fefferman and Graham [63] as an
obstruction to the existence of a formal power series expansion for conformally
compactifiable Einstein metrics, with conformal boundary equipped with the
conformal equivalence class [g] of g. This geometric interpretation is irrelevant
from our point of view, as here we are interested in (B.5.2) as an equation on
its own.

B.5.2 The Graham-Hirachi theorem

It is of interest to classify all conformally-covariant tensors which are polynomial
in the metric, its inverse, and in the derivatives of the metric. Such tensors will
be called natural. Now, one may construct further covariants from known ones
by taking tensor products and contracting. A tensor will be called irreducible
if it cannot be constructed in that fashion in a non-trivial way.

The following theorem of Hirachi-Graham shows that up to quadratic and
higher terms in curvature, the Weyl tensor, or the Cotton tensor in dimension
3, and the obstruction tensor are the only irreducible conformally invariant
tensors:

THEOREM B.5.1 (Graham-Hirachi [79]) A conformally covariant irreducible nat-
ural tensor of n-dimensional oriented Riemannian manifolds is equivalent mod-
ulo a conformally covariant natural tensor of degree at least 2 in curvature with
a multiple of one of the following:

1. n = 3: the Cotton tensor Cyji, = Asjir — Aik:j

2. n = 4: the self-dual or anti-self dual Weyl tensor Ci?kl or the Bach tensor
Bij = Oy

3. n>5 odd: the Weyl tensor Cijp

4. n > 6 even: the Weyl tensor Cijp, or the obstruction tensor Oy

B.6 Frame coefficients, Dirac operators

In order to calculate the transformation law of the connection coefficients, we
will consider a conformal rescaling of the form g;; = engij. Let 6 be an
orthonormal coframe for g, then

' = e U0’
is an orthonormal coframe for g. We claim that:
wij(ex) = wij(ex) — ei(w)gjk + e;j(u)gir , (B.6.1)

equivalently
Wij = (Dij(ek)ek = wjj — ei(u)Gj + ej(u)ﬁi . (B.6.2)

To verify this equation, notice that w;; as given by this equation is anti-
symmetric in ¢ and j; further, it is straightforward to check that

do' +a'j N7 =0,
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and (B.6.1) follows from uniqueness of @;;.
Let e; be an orthonormal frame for g. Recall that the Dirac operator Dirac
is defined by the formula

) 1 o
Diracy) := 1" Vertp = 7" (ex(¥) — Jwijny'v)¥ -
The corresponding Dirac operator Dirac associated to the metric g reads
S _ ~ 1 o
Diracy := 7" Vertp = 7 (ex(¥) — J@in"+)¥ -
Using (B.6.1) one finds

(n+1)u (n—1)u

Diract) = e~ 2 Dirac(e” 2z ). (B.6.3)

B.7 Non-characteristic hypersurfaces

Let .7 be a non-characteristic hypersurface in .#, under (B.0.1) the unit normal
to . transforms as

;. (B.7.1)

nt = @76/2#' = n=
The projection tensor P defined in (1.3.4) is invariant under (B.0.1),
P=P.
From the definition (1.3.5) of the Weingarten map we obtain, for X € 7.7,
B(X) = P(Dx)=P(Dx(¢™"*n) + C(X,7))

- P(X(w—m)n F o2 Dyn + ;; (ﬁ(gp)X X () — §(X,7) D<p>

0.
= P((p_Z/QDXn—i—%n(go)X)
_ I

The definition (1.3.6) of the extrinsic curvature tensor (second fundamental
form) K leads to, for X, Y € T.7,

RXY) =3(BOOY) =a( B0 + 5 l0) XY )|

which can be rewritten in the following three equivalent forms

K(X,Y)="?K(X,Y)+ EZE;”) G(X,Y) (B.7.2a)

Sl (%)

= ¢PK(X,Y) + 5

§(X,Y) (B.7.2Db)

(o(t=2)/2
— JPK(X,Y) + “72"(“7)9()(, Y). (B.7.2¢)
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