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0.1 Introduction

The problem we are going to investigate in this work concerns the asymp-
totic behavior of the solutions of a particular class of equations, the zero-rest
mass field equations with spin s = 1, 2. The reasons why we are interested on
this problem are connected to some open problems associated to the General
Relativity Einstein equations. Let us begin recalling some basic definitions
and some important notions of the Einstein equations connected to the ar-
guments discussed in this thesis.

Definition 0.1.1. An Einstein spacetime, (M, g), is a 4-dimensional man-
ifold M equipped with a Lorentz metric g which satisfies the Finstein’s equa-
tions:

Gou(g) = 87T, . (0.1.1)

G is the Einstein tensor, defined from the Ricci tensor Ry, and its trace part
R, the scalar curvature of M, through the following relation

1
G;w(g) = Rw/ - §guuR
and T, 1s the energy-momentum tensor relative to the matter and to the
electromagnetic fields present in the spacetime.

The Einstein equations are a set of 10 partial differential equations, where
the unknown functions are the components of the metric tensor g, as one can
see choosing a coordinate system and expressing, in the coordinate basis, the
components 7, of the Ricci tensor in terms of the metric tensor g. They
connect the Ricci and the scalar part of the curvature tensor, associated
to the metric g, to the matter and the electromagnetic field present in the
spacetime. Due to their intrinsic tensorial nature, any possible solution of
them is defined up to isometries, which correspond to every possible change
of coordinates of the spacetime ( see also [6], chapter 7 ).

The solutions of the set of equations

R, =0

In this work we adopt the Einstein index notation, where u,v = 0,1,2,3 and the
repeated high and low indices are thought as summed.
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define the so called “Vacuum Einstein spacetimes”, that is spacetimes where
it is not present any matter nor electromagnetic field; in fact they correspond
to the set

T, =0.

Hereafter we will concentrate on the vacuum Einstein’s equations; they are
somewhat easier from a technical point of view, but they are, nevertheless
physically very interesting, as they describe the nature of a spacetime region
where no stellar bodies are present.

Even in the vacuum case, nevertheless, the Einstein equations are far to be
easy. This is due to their intrinsic non linear nature which can be immediately
recognized looking at the explicit expression of the Ricci tensor in terms of
the metric components and their first and second partial derivatives. Once
these equations are solved, assuming initial data have been assigned, from
the metric g, solution of these equations, we can obtain the conformal part
of the Riemann tensor C},,, which, in the vacuum case, coincides with the
whole tensor, C\, 0 = Ryup0, and satisfy the Bianchi equations:

DFRyppe = 0 . (0.1.2)

In such a general form, Einstein’s equations are very difficult to solve, in
fact only a small number of exact solutions is known, all of them obtained
imposing some particular symmetry conditions on the metric.

Let us recall some of them, associated to a single massive body:

The Minkowski spacetime, the spacetime of special relativity, whose metric is
the Lorentzian metric with eigenvalues (—1,1, 1, 1). Here no matter is present
nor any field energy, moreover it is invariant under the transformations of the
extended Poincaré group, made by the rotations, the (spacetime) translations
and the Lorentz transformations.

The Schwarzschild solution, discovered in 1916 ([17]), whose “external part”
describes the spacetime of a static, spherically symmetric body, such as a
star or as a black body with angular momentum equal zero.

The Kerr spacetime, discovered only in 1965 ([10]), a spacetime symmetric
with respect to time translations and rotations with respect to a fixed axis.
Physically it has a very important meaning, as it describes the spacetime
geometry generated around a rotating body and, in particular, around a
rotating black hole.

As these solutions are time independent, it is meaningless to talk for them
of an evolution problem, but, viceversa, looking for more general solutions of
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0.1.1, we have to solve an evolution problem with some suitable initial data.
In order to define the Cauchy problem in General Relativity, let us make the
following definitions:

Definition 0.1.2. An initial data set is given by a set {,g, k,v} where ¥
is a three dimensional manifold, 1 is the prescribed matter field on it, G is
a riemannian metric, and k is a covariant symmetric tensor field satisfying
the constraint equations:

VjEij - V,t?"ff = 87TT01(77ZJ)
R — |E’|2 + (trE)2 = 167TT00(TE>,

where R is the scalar curvature of g.

Two initial data set are said to be equivalent if there exists a diffeomorphism
in % which maps the first set made by the metric, the matter fields and the
covariant symmetric tensor field k in the second set of initial data.

To solve the Einstein field equations with a given initial data set means
finding a four-dimensional manifold M, a Lorentz metric g and fields
satisfying the coupled Einstein equations as well as an imbedding

10 - M

such that i*(g) = g, i*(k) = k, i*(1)) = 1), where g is the induced metric
and k is the second fundamental form of the submanifold i(X) C M. Two
equivalent initial data sets are supposed to lead to equivalent solutions.

This definition of the Cauchy problem for the Einstein equations is “coor-
dinate independent”. If we choose a specific set of coordinates the Cauchy
problem can be rephrased in the following way: Let us give, as initial data, g,
and 8897‘;” on a three dimensional surface defined by xq = t. The Einstein’s
equations written in this set of coordinates are a second order quasilinear
system made by ten equations for the ten components of the metric g. The
tensorial character of the Einstein equations imply, nevertheless, that four
of the ten equations are “constraint equations” which do not depend on the
second time derivatives of the metric g. It is well known that for any so-
lutions of the remaining six (evolution) equations satisfying the constraint
equations at ¢ = 0, the constraint equations are automatically solved for
all the remaining times. This has a twofold consequence: first the system
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is in some sense underdetermined; this is not a drawback of the theory as
due to the general covariance of the theory it is expected that a well defined
spacetime corresponds to a whole family of solutions connected by diffeo-
morphisms which do not change the initial data. Second, the possibility of
looking at the Einstein equations in a specific choice of coordinates allow to
write them in a form suitable to use the mathematical knowledge and results
about the quasilinear hyperbolic partial differential equations.

The existence of local (in time) solutions with generic initial data was proved
first by Yvonne Chioquet-Bruhat in 1952 (see [1]), who studied Einstein’s
equations in a special set of coordinates, often said a specific gauge, the
wavelike coordinates (or the harmonic gauge).

In these coordinates the Einstein equations have the form of a quasilinear
hyperbolic system, then one can apply standard results of the theory of hy-
perbolic partial differential equations to show the existence and uniqueness
of the solution.

In particular we know there exists a family of integral quantities written

in terms of the first derivatives of the solution, called energy norms, and the
existence proof is mainly based on proving the boundedness of these quan-
tities. Roughly speaking, it can be shown that the solution of a quasilinear
hyperbolic system does exist for all the times for which the energy norms are
bounded (see [7], [18]).
As far as the global existence is concerned, it is very complicate to prove it,
even if we require some smallness condition on initial data. In fact the first
global solutions with generic small initial data were discovered only in 1993,
by D. Christodoulou and S. Klainerman ([3]), who have shown the global ex-
istence of solutions with initial data “near” the Minkowski spacetime initial
data. 2

In the sequel of this discussion our attention will be concentrated on
the asymptotically flat solutions: these are solutions whose initial data are
given by a riemannian manifold equipped with a metric such that, outside
a sufficiently large compact region (and in a determined coordinates set), it
approaches asymptotically the flat metric, with a decay not faster than %

The metric tensor of these spacetimes satisfies the Einstein vacuum equa-
tions and physically they can be interpreted as those generated by isolated
system (without any symmetry condition imposed ab initio). To obtain them

2A previous work faced with different techniques (conformal compactification) is due
to Friedrich, see [5].
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one has to solve the vacuum Einstein equations globally. This means to prove
global existence results for a complicated quasilinear set of equations of “hy-
perbolic type.”® All the global existence results known up to now require
“small initial data”. Moreover once a global result is obtained then one
can investigate the asymptotic structure of these spacetimes far from the
isolated body. This is relevant as it is connected to the existence of gravita-
tional waves propagating toward the (future) infinity.

Since the seventies there existed some conjectures and theorems due to
R.Penrose and E.T.Newman (see [14], [15]) concerning the asymptotic be-
havior of the Riemann tensor for some well defined families of spacetimes.
More precisely they introduced the notion of asymptotically simple space-
time, a generalization and a mathematically more precise formulation of the
asymptotically flat spacetime. They are defined in the following way:

Definition 0.1.3. Let (M, g) be a spacetime. It is said asymptotically simple
if there exists an other manifold M with metric § and a conformal isometry
Q such that:

i) M is a submanifold of M with dM C> boundary.

i) 1 M — R has a smooth extension on M.

iii) Onto OM, Q = 0 and V,Q # 0. i) Every null geodesic in M has an
initial and a final point in OM.

v) R = 0 in a neighborhood of OM.

To analyze the behaviour at the (null) infinity of the asymptotically sim-
ple spacetimes is much easier because the whole “physical” spacetime is
mapped into a finite region of a larger “unphysical” one. A consequence
of this approach is the “Peeling theorem” (see [16]), which prescribes the
asymptotic (null) behavior of zero-rest mass fields with any spin s propagat-
ing themselves in the asymptotically simple spacetimes along the directions
of the null infinity. More specifically, a zero-rest mass fields of spin s is a

tensor field 7}, ,,... 4o, Which satisfies the equations:

DT,

K12 25 *

We observe that, for s = 2, they correspond to the Bianchi equations satisfied
by the Riemann tensor of a vacuum spacetime and for s = 1, together with

the set of equations
D' F,, =0,

3The sense in which these equations are of hyperbolic type will be discussed later on.
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(where *F),, is its left Hodge dual (see (5.3.17)), they are just the Maxwell
equations for an electromagnetic field propagating in the vacuum. The “Peel-
ing theorem” tells us also how the various components of the Riemann tensor
of an asymptotically spacetime have to decay at null infinity. Therefore if
one has a global existence solution of the vacuum Einstein equations one also
knows the asymptotic behaviour of the metric tensor toward the null infinity.
Therefore as such behavior will depend on the asymptotic behavior of the
initial data on the initial hypersurface ¢ = 0, one has a necessary condition
on the initial data of the Einstein equations to produce asymptotically sim-
ple spacetimes. These data in fact must be such that the global spacetime
satisfies the “Peeling theorem”. 4

Only for Minkowski and Schwarzschild spacetimes it is explicitly known the
conformal isometry €2 compactifying them, but recently S.Klainerman and
F.Nicolo have shown under what decay and smallness hypothesis on the initial
data the nonlinear perturbations of Minkowski and Schwarzschild spacetimes
satisfy the Peeling theorem (see [12]).

As far as the Kerr spacetime is concerned, it is unknown if this spacetime is
asymptotically simple, because one does not have the conformal isometry (2,
but an explicit calculation of the Riemann tensor shows that it satisfies the
“peeling decay”, therefore, at least the necessary condition for being asymp-
totically simple is satisfied.

A still open problem is to prove that some suitable nonlinear perturbations
of Kerr spacetime satisfy the Peeling theorem. As said before this requires a
global existence result, satisfying the peeling, for the vacuum Einstein equa-
tions with initial data near (in some appropriate norms) to the Kerr metric
on the initial spacelike hypersurface. This result, even if we restrict ourselves
to an external region far from the influence domain of a compact on X, is
not at our disposal. More precisely the global existence result proved by
S.Klainerman and F.Nicolo with initial data near the flat ones (see [11]) can
be applied also to data near to the Kerr initial data only with very small
angular momentum, but this result does not satisfy the peeling. The subse-
quent work by by S.Klainerman and F.Nicolo which proves the peeling under
stronger asymptotic conditions for the initial data (see [12]) cannot be ap-
plied to initial data “near” to Kerr, the main difficulty being connected to

4The Newman-Penrose Peeling theorem is not a constructive result. In other words the
definition of asymptotically simple spacetimes is given imposing some conditions on the
“conformal” null infinity. Therefore to connect the Peeling asymptotic behaviour to the
initial data requires a global existence proof for the Einstein vacuum equations.
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the fact that the angular moment J of the Kerr spacetime is different from
zero; in other words the Kerr spacetime is not spherical symmetric, but only
axially symmetric.

The work of this thesis is connected to this problem and can be seen as an
intermediate step toward its solution. In other words the results I am going
to present, beside their intrinsic meaning, can be interpreted as a preliminary
step toward the proof of peeling for spacetimes near to the Kerr spacetime.
More precisely the following two results are proved:

1) The solutions of the massless spin-2 field equations, the Bianchi equa-
tions, with the Kerr spacetime as background spacetime, satisfy the decays
prescribed by the Peeling theorem in the future null infinity direction.

2) The solutions of the Maxwell equations in the vacuum with the (external
part of the) Schwarzschild spacetime as background spacetime, satisfy the
Peeling theorem, without any strong condition on their initial data.

The strategy used in the proof follows the approach introduced by Klain-
erman and Nicolo in their proof of global stability of Minkowski spacetime
[11] and in the subsequent paper [12]. Let us give a short summary of it.
They do not use the wavelike (harmonic) gauge, because with them it is
very difficult to get the needed apriori estimates for the energy norms at any
time (see, nevertheless the recent results of H.Linblad and I.Rodniansky)
(see [13]), rather it is based on a more geometrical approach. They foli-
ate the spacetime with a double null foliation, the equivalent of the ingoing
and outgoing null cones of Minkowski spacetime, and introduce a suitable
set of coordinates and a null frame adapted to this foliation. The Riemann
tensor, (let us indicate it with R), is decomposed with respect to the null
frame associated to the foliation and the connection coefficients relative to
the null frame (we call them O) are introduced. The Bianchi equations are
written as equations for the Riemann components and the Einstein equations
are written as a system of transport equations along the null directions for
the connection coefficients O (equations which also depend on the Riemann
null components R). In this way the Einstein equations and the Bianchi
equations appear as a coupled nonlinear system even if, in fact, the Einstein
equations are equations for the metric components g, and the Bianchi equa-
tions are automatically satisfied once the spacetime metric g is assigned. Let
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us indicate it, symbolically, in the following way:

@0 =F(O)+R
The global existence is proved by a bootstrap mechanism. One assumes
that a maximal finite region exists where appropriate norms for O and R
are bounded by a sufficiently small constant, then using the second set of
equations one proves that the norms of R can be bounded in terms of the
same norms written in terms of the initial data and, therefore, choosing the
initial data sufficiently small, made even smaller; this at its turn allows to
prove that, using the first set of equations, even the norms of O can be
made smaller than the previously chosen constant. This allows to slightly
enlarge the previous finite region which, therefore, is not the maximal one.
By contradiction this implies that the region where the norms are bounded
is in fact the whole “infinite” spacetime. The key ingredient to perform this
bootstrap mechanism is, therefore, the possibility of expressing the norms of
the Riemann null components R in terms of the same norms written for the
initial data.

The fundamental step to get this result is the introduction of a family of
integral norms, L? norms made along the null directions, which are a gener-
alization of the classical energy norms. The main difference with the usual
procedure for the non linear hyperbolic equations is that they are not ex-
pressed in terms of g and its first derivatives but in terms of the Bel-Robinson
tensor (built in terms of the Riemann tensor). The crucial fact is, therefore,
having them finite and small at the initial time ¢ = 0 and then to prove their
boundedness in the whole region.

Going back to this thesis work, it can be interpreted as a linearized part
of this approach as it amounts to studying of Bianchi equations with respect
to an assigned metric, the Kerr metric, that is in a assigned background
spacetime, the (external part of the) Kerr spacetime. Therefore R become
the null components of an external Weyl field, independent from the metric
g, with null mass and spin 2. The structure equations are not needed now
as the connection coefficients of the Kerr spacetime are known explicitly and
we have only to investigate the Bianchi equation solutions.

Nevertheless, looking at the asymptotic behavior of a zero-rest mass field
with spin 2 (and with spin 1 too, as we discuss later on), in this approach,



0.1. INTRODUCTION 13

we discovered that four of the ten null components of Riemann tensor do
not decay as suggested from the Peeling theorem, but in a lower way. From
the previous considerations and the results of S.Klainerman and F.Nicolo
for the perturbed Minkowski and Schwarzschild spacetimes (see [12]), it was
reasonable to expect that, improving the techniques used in the proof, the
bad asymptotic behaviors could be improved. Therefore we have modified
the previously defined generalized energy norms by inserting a weight factor
of the form u5*¢ (the reason for the choice of this factor will be discussed in
the next chapters) , where u is the retarded optical function (the equivalent
of t — r in Minkowski spacetime). This weight factors should allow, with
a long procedure discussed in detail later on, to get better decays for the
Riemann components. Nevertheless with this norm modification a different
problem arises; in fact as our spin 2 fields, W, should mimic in this linearized
version, the behaviour of the Kerr Riemann tensor, its initial data should be
assigned with the same (spatial) asymptotic behaviour, a behaviour which
is not compatible with these new norms which become infinite. This is due
to those terms of the Kerr metric tensor associated to the angular moment,
which decay too slowly.

A way to exclude this term is based again on the underlined idea that the
problem we are studying has to be connected to the problem of solving the
Einstein equations for initial data near to the Kerr spacetime. Therefore we
can look for a solution W of the following form

W = wEern) L sw. (0.1.3)

where W(E€7) is the Riemann tensor of the Kerr spacetime. In this way the
Bianchi equations become:

D*(6W ) wpe = 0,

as D is the covariant derivative with respect to the Kerr background metric
and, therefore, DHW (Kerr) wpo = 0. This does not seem very interesting due
to the linearity of the problem and to the fact that we are free to impose
an arbitrary decay on W on the initial hypersurface. If we want that the
problem we are considering, better mimics part of the associated Einstein
problem, observing that in that case the Bianchi equations are not linear
equations (the connection coefficients through the first transport equations
depend on R), it is more natural to look for a non linear spin 2-field equation,
namely, recalling again that D#Jy/ (Kerr)

DM(W ) ype = J(WEET £ 6W), 0

nrpo — 07
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where the “current J is a non linear term for the whole field .

If the non linear term is chosen sufficiently good we can expect to be able
to prove, outside the “evolution region” of a compact ball of radius R, the
global existence of the field W showing that the generalized energy norms
are bounded for any t. To prove the peeling the same results should be
proved for the analogous norms with the extra weight factors w>*¢. This
can be investigated in a straightforward manner, but in this thesis a slightly
different approach is chosen. In fact we study the non linear spin 2 equations
for the tensor field L7, W instead than W, where Lr, is the Lie derivative
done with respect the Killing vector field of the Kerr spacetime generating
the time symmetries. As the Kerr spacetime is static, two important facts
follow:

LTO WKerr =0

and D commutes with Lo,
[D,Lr,]=0.
The field equations for L5, W become, in this case,
DLy, 6W = H,po (L 6W) .

In this thesis it is proved that any solution I can obtain globally, requir-
ing suitable initial decays for the tensor L1,0W, decays in a way consistent
with the Peeling theorem and once we have L1, 0W we obtain W basically
through an integration in the time and then again W adding to it W (e,
Therefore the final result is that for an appropriate class of solutions, de-
pending on the initial data of §W/, the asymptotic behaviour is in agreement
with the Peeling theorem suggesting also that in the more complicated case
of the Einstein equations the necessary condition for Kerr spacetime asymp-

totically simplicity could be verified.

In this thesis we have also investigated the asymptotic behavior, in the
null directions, of the electromagnetic tensor F),, that satisfies vacuum Maxwell
equations in Schwarzschild spacetime. Again we expect that its null compo-
nents have to satisfy the Peeling theorem. Proceeding as before we realize
that to obtain the expected behavior the energy norms with a weight fac-
tor 3¢ needed for the peeling seem to require, to be finite, the absence in
the initial data of the electromagnetic field of the (time independent) dipole
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term. Even in this case it has been proved that looking at the Maxwell equa-
tions for the tensor field L5, W we can obtain the peeling without excluding
the presence of a dipole term.

The plan of this work is the following:

In Chapter 1 we introduce all the important quantities, that we need to
construct the energy norms, to prove their boundedness and the asymptotic
behavior of W. We define in a precise way the energy norms we are going
to use, indicate by Q (the one without the factor u°™). Then we state the
main theorems we are going to prove, relative to the asymptotic behavior of
the W null components using the energy norms, with or without the weight
u5T¢. We also analyze the main results we will use in the remaining part of
this work.

In Chapter 2 we examine the geometric and analytic properties of the Kerr
spacetime in some details, we show how to introduce an appropriate foliation,
we introduce some Killing and pseudo-Killing vector fields, their deformation
tensors and we compute the asymptotic behavior of the most important
geometric spacetime quantities, the connection coefficients.

In Chapter 3, the central part of the work, we estimate the Q norms relative
to the double null foliation and we prove Theorem 1.2.1.

In Chapter 4 we show how modify this approach to obtain the asymptotic
result, in particular we introduce the modified integral norms and we focus
our attention on the tensor field zTOW, to obtain for the W null components
a decay in agreement with the peeling theorem.

In Chapter 5 we show under which decay assumptions on the initial data of
L7, r, the electromagnetic tensor F' satistying the vacuum Maxwell equations
and propagating in the (external) Schwarzschild spacetime (thought as a
background spacetime) satisfies the Peeling theorem.
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Chapter 1

The General Method Adapted
to the Linear Case

In the first chapter, we provided a general motivation explaining why we are
interested to the study of the solutions of zero-rest mass field equations, in
fact to their asymptotic behavior, and a general discussion about the strategy
to solve globally Einstein vacuum equations (with asymptotically flat initial
data), following the methods introduced by Ch-Kl1 and KL-Ni.

The aim of this chapter will be to describe in more detail the technique of
the generalized energy norms and to give a complete picture of the analytic
tools necessary to prove our result, paying attention to explaining the logic
which we tackle the problem with.

As we will see, the crucial difference treating the linearized version of the
problem is that we already know the background spacetime, specifically the
Kerr spacetime. As we have seen in the introduction, this shall produce many
technical simplifications in obtaining our results.

1.1 Weyl fields and Bel-Robinson tensor

In order to prove the expected results about the asymptotic behavior of spin
2 zero-rest mass fields, we begin with some definitions.

Definition 1.1.1. Given a spacetime (M, g), a Weyl field is a tensor field

17
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W which satisfies the following properties

Wapys = Wasap = =Wans = —Wapsy
Wa&/g + W(w(sg + I/Voég,g7 =0 (1.1.1)
9" Wapys = 0.

Definition 1.1.2. A Weyl tensor field W is a solution of the 2-spin and

zero-rest mass field equations (called Bianchi equations too) in (M, q) if,
relative to the Levi-Civita connection of g, it satisfies

D*W,p0 = 0.
Remark 1.1.1. If we decompose the Riemann tensor of the spacetime as

Ragys = Capys + 2(gapy R — 98y Roja) — Raly 9918

where C' is called the conformal part and it is traceless, R., is the Ricci
tensor and R is the scalar curvature, we observe its conformal part, which is
the part different from 0 at the infinity, is a Weyl tensor field.

Moreover, if (M, g) is a vacuum spacetime (R, = 0), then its Riemann
tensor is a Weyl field that satisfies the 0-rest mass and 2-spin field equations.

Definition 1.1.3. Given a tensor field Wogys, we define the modified Lie
derivative LxW in the following way
3

N 1
,Cxw = EXW — §(X)[W} + gt’l“(X)WW

where
W) agys = T2 Was,s + (X)W[A;Wa)\wé + (X)Wiwama + AWy
being X1 the deformation tensor relative to the vector field X .

It is useful to note that if W is a Weyl field, £LxW is a Weyl field too.

Definition 1.1.4. A double null foliation of M consists of the double family
of lightlike hypersurface {C(u),C(u)} defined as the level hypersurface of the

solutions of the eikonal equation
g"0,0,v = 0.

C(u) represent the outgoing hypersurfaces, while C(u) are the incoming null
hypersurfaces. The intesection of C(u) and C(u) is a two-sphere, which we
indicate by S(u,u).



1.1. WEYL FIELDS AND BEL-ROBINSON TENSOR 19

Definition 1.1.5. Given a 2-sphere S(u,u), a null frame in M is a thetrad
of vector fields {es, ey, €1,e2}, where {e1,ex} are vector fields tangent on the
sphere, {es,es} is a fived null pair and they satisfy the following relations:

9(63764) = —2
g(ea,eg) = g(€a7€4> =0, Jora=1,2
g(eaa eb) = 5ab-

Associated to the null frame there are some geometric quantities whose
specific expression is related to the spacetime we are investigating, in partic-
ular:

Definition 1.1.6. The connection coefficients of a spacetime (M, g) are the
following quantities:

Xab :g<Dea€4,€b), Xab :g(D63ea7eb)

1 1
ga = §Q<De4€47 ea)a §a§g(De3€3, ea)
1 1
N = —50(Des€asea), 1, = =59(Desea €c) (1.1.2)
1 1
w = —Zg(De4€3a e4)a W = _ZQ(D6364’ 63), (113)

Next we introduce the null decomposition of a Weyl tensor, i.e. we express
W in terms of a null frame {e3, e4, €1, €2} in the following way:

Definition 1.1.7. Let es, eq be a null pair and W a Weyl field. At a given
point p € M we define the following tensors on the tangent space to the
sphere S(u,u) passing through p,

a(W)(X,Y) =W (X, ey, Y, e4), aW)(X,Y)=W(X,es,Y,e3)

BW)(X) = %W(X, es€3,€1),  PBIV)(X) = %W(X, es, €3, )).1.4)
p(W) = iw(e& €4, €3, 64)7 U(W) = i*W(eg, €4, €3, 64)7

where *Wogys is the left Hodge dual of W, defined in the following way:

*

1
afys = §€aﬁ¢¢WWwS-
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Proposition 1.1.1 (Bianchi Equations). Expressed relatively to an adapted
null frame, the Bianchi equations take the following form

1 . . .
a, = Dia+ lrxa = —YV&B + dwa — 3(xp — *x0) + (¢ — 4n®) [

B, = Psf+2trx8=—diva —2wB +(2( —n)-a
B, = Dup+trxf=—Vp+2wl+2x-B+*Vo—3np—"n0)

3 _ 1.
Dyp + Strxp = —dwf - ox-a+(-f—2n-f

pPs = 5 [
3 , 1.

ps = Dyp+ étrxp = divs — JX-a +¢-B+2n- 6 (1.1.5)
3 1/\ * *

o3 = D30+§t79_(az—div*§+ SX a—(¢+2n) "8
3 . 1/\ * *

oy = D40+§trxa:—dw*ﬁ+ﬁx- a—(C+2n)*p

By = DB+ trxf=Vp+ Vo +2wi+2x -+ 3(np+"no)
By = Duf+ 2trx 0 = diva — 2wh + (2¢ + n)a

1 R N
az = Dia+ ét@a = V& + dwa — 3(xp +" xo) + (¢ + 4n)®p,

where, here, Dy and s are the projections on the tangent space to S(u,w)
of the covariant derivatives along eg, ey, div and ¥ are the projections on
the tangent space to S(u,u) of the divergence and the covariant derivative
relative to ¥, and @ denotes twice the traceless part of the symmetric tensor
product. The Hodge operator * indicates the dual of the tensor fields relative
to the tangent space of S(u,w), in particular

Definition 1.1.8. Given the 1-form defined on S(u,u), we define its Hodge
dual:

*¢a = 6abwby

where €4, are the components of the area element of S(u,u) relative to an
orthonormal frame (eq)q=12-

If ¢ is a symmetric traceless 2-tensor, we define the following left, *1, and
right,*, Hodge duals:

*wab = Eacwcln wgb = Qpacecb-

Once introduced a Weyl field which satisfies the Bianchi equations, we
are able to define the Bel-Robinson tensor associated to it, in the following
way:
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Definition 1.1.9. The Bel-Robinson tensor field associated to the Weyl ten-
sor W is the 4-covariant tensor field

Qaﬁvé[w] = Wamowﬂp(sa""*wapvv*wﬂp(sg

1 o v
WavaWﬁp(;U + Wap(SJWﬁprU - gga,@gwéwpauyw'g .

The Bel-Robinson tensor satisfies the following important

Proposition 1.1.2.

i) Q is symmetric and traceless relative to all pairs of indices.

it) Q satisfies the following positivity condition: given any timelike vector
fields X, forp=1,...,4

Q(X1, Xs, X3, X4) >0

unlike W = 0.
i) If W is a solution of the Bianchi equations, it follows

D*Qapys = 0.
For the proof, see [4].

Proposition 1.1.3. Let Q(WW) be the Bel-Robinson tensor of a Weyl field W
and X, Y, Z a triplet of vector fields inM. We define the 1-form P associated
at the triplet as

Py = Qups X Y Z°. (1.1.6)
Using all the symmetry properties of Q), we have:
DivP = DivQssX’Y7Z° (1.1.7)
n %Qaw(m)ﬂaﬁyv 725 4 g X070 1 (D) os Xy ).

Remark 1.1.2. When XY, Z are Killing or conformal Killing vector fields
and W satisfies Bianchi equations, it follows

DivP =0

i.e. P is a conserved quantity.
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From now on our attention will be focused upon Kerr spacetime, whose
Killing vector fields are the generator of time translations

0

and the generator of rotation with respect to an axis

— 42 3812-

(1) i
O= 26~ "3,

The other vector fields which will be introduced in order to define a family
of meaningful integral quantities are the following ones:

@0 = xga%l - xlgim

®0 = xga%l - xl%

S = %(uee + uey)

Ky = %(UQG:), + uey)

T = éTO, (1.1.8)

the WO are the rotation vector fields, S corresponds to scaling transforma-
tions and K to inverted time translations.

Theorem 1.1.1. Let M = X x R, where X is a three-dimensional spacelike
surface, let W be a solution of Bianchi equations and let X, Y, Z, V;...,V}, be
Killing or conformal Killing vector fields. Then

i)DivP = 0, where P is defined in 1.1.6.

ii) The integral [, QIW](X,Y,Z,To)d>v is finite and constant for all t
provided that they are finite at t = 0.

iii) The integral [, QILv, Ly,.. LViW|(X,Y, Z, Ty)dx is finite and con-
stant for all t provided that they are finite at t = 0.
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This theorem shows the importance of assigning a spacetime foliation
when we will have to estimate the norms constructed from the Bel-Robinson
rensor, that we will call @ norms. In fact one can consider some different
types of hypersurfaces foliating M (see for example [11]). We are adopting
the approach of [11], by introducing a double null foliation (equivalent to
outgoing and ingoing null cones of Minkowski spacetime).

1.2 The main Theorems

In this section we state the theorems we are going to prove in the subsequent
chapters, which give the asymptotic behavior of the null components of a
Weyl tensor propagating in the Kerr spacetime, according to their initial
data, or to the initial data of their Lie derivative with respect to the time.

Theorem 1.2.1. Let W be a Weyl field in a spacetime with assigned metric
of Kerr, that satisfies the 2-spin and zero-rest mass field equations

D*Wpe = 0.

Let us assume that the W null components for t =0, decay like r~ /279 qll
except p(W), which behaves as r=3, where r is the radial parameter of the
sphere S(u,w), that is

1

2

r(u,u) = — / do
AT 5w

Then the null components of W have the following asymptotic behavior along
the null infinity

suprilal < Co, supri|8] < Cy
K K
1 _
suprlpl < Co, suprlultl(p—po) <Gy (129)
supr2[u|?8 < Cy,  suprlul?|al < Co,
K - I

where Cy is a constant that depends on the initial data.

Remark 1.2.1. The decays we are assigning for the initial data of the null
components are not completely arbitrary, but they are in agreement with the
asymptotic spacelike behavior of the Kerr Riemann tensor.
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Theorem 1.2.2 (Peeling Theorem). Let W be a Weyl field solution of
the Bianchi equations in the Kerr spacetime.

Let us assume that every null component of LW on decay like r—(6+¢),
Then the W null components satisfy the following peeling decays:
sup r°lula < Co,  suprt|ul™*|5] < C
K K
supr’|p| < Co, supr®|ul*|o| < Cy (1.2.10)
K

sup r’|u[** 8 < Cy,  suprful**|al < Cy,
K = K

with € = %e and Cy s a constant depending on the initial data.

1.3 Analytic general results

The aim of this section is to present some analytic general results which will
be needed to estimate the W null components, once introduced some suitable
energy norms.

We start recalling the Gronwall inequality:

Proposition 1.3.1. Let f,g [a,b) — R be continuous and nonnegative. As-
sume that

ft) <A+ /tf(s)g(s)ds, A>0.

Then
f(t) < Aexp(/ g(s)ds), fort € [a,b).

Gronwall inequality will be very useful in the study of the decay of the W
null components. Another result needed in order to show their asymptotic
behavior are the following Sobolev estimates:

Proposition 1.3.2. Let F' be a smooth S-tangent tensor field (it means at
any point p, F is tangent to the 2-surface S(u,w) passing through p). The
following nondegenerate version of the global Sobolev inequality along C(u)
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holds true:

3 1 1
sup (r2|F|) < c[(/ r|F|Y 7 + (/ rrYEY)
S(u,ug) S (u,ug)

S(u,u)
+( / PP+ 2 VF] + 2Dy F P
Clw)NV (u)
1
ok +r4|w>4F|2) } (13.11)

where 72 = (1 +u?). We also have the degenerate version:

1
sup (rr2|F|) < c[(/ 7“27'E|F|4)% + (/ r27-3|rY7F|4)i
S (u,u) S(u,ug) S(u,ug)

+( / PP+ 2 VFP + 72 DuF
C(u)NV (u,u)

YR +r272|>7712>4m2)%]. (13.12)

Analogous estimates are obtained along the null-incoming hypersurfaces C(u):

3 1 1
sup (r2|F|) < c[(/ | F|Y) 7 + (/ rrYEY)
S(uo,u) S(uo,u)

S(u,u)
+( / FP 1 2 |VEP + PP
C(u)NV (u,u)
1
+ri| VP F|? +T4|Y71Z)3F|2) ] (1.3.13)
and

1
sup (rr2|F|) < c[(/ 7“27'E|F‘4>i + (/ TQTEITWF\‘l)i
S (u,u) S(uo,u) S(uo,u

([ RP e EE e
CWNV (u,u)

+rt | V2 F? + r273|y7m3F|2)1. (1.3.14)



26CHAPTER 1. THE GENERAL METHOD ADAPTED TO THE LINEAR CASE

The proofs of it is in appendix at [3], ( see sections 5.1, 5.2 ).

In order to estimate null components of W in terms of the Q norms which
we are going to introduce in the following section, as we will see in the next
chapters, firstly we must to be able to estimate them and their tangential first

derivatives in terms of their Lie derivative done with respect to the rotation
vector fields O.
In fact the following result holds

Lemma 1.3.1. The rotation vector fields VO satisfy the following properties:
i) Given an S-tangent tensor field f on M there exists a constant ¢y such that

o' [Pt [ igofP<a [ (FeRIR), (1315)
S(u,u) S (u,u) S(u,u)

where | Lo fI* = 30 [Loof
ii) If fis a 1-form or a traceless symmetric 2-covariant tensor tangent to the
surfaces S(u,u), the following inequality holds:

661/ |fI? S/ [Lofl. (1.3.16)
S(U,H) S(’U"y)

i) If f is a scalar function and f is its mean value on the sphere then the
Poincaré inequality holds:

/ (f=F)?< CO/ rVf]2. (1.3.17)
S(u,u) S (u,u)

Finally we will need the relations between the null components of the
Weyl field £xW and the modified Lie derivative with respect to the vector
field X of W null components, when X = S, ®O, T. First of all we introduce
the following

Definition 1.3.1. Let X be a vector field in the family {S, D0, T}. We
define the Lie coefficients of X through the following commutation relations:
(see [11], prop. 7.3.1)

(X, e5) = X Pyey + X Mez + X Ney
(X, eq] = B Pyey, + OO Neg + X Me, (1.3.18)

1
[X, ea] = H[X, ea] + 5((X)Qae3 + (X)Qa)e4a

where 11[X, e,] is the projection on T'S(u,u) of [ X, e,).
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The Lie coefficients of X appear when we commute Lx with the null
decomposition of a Weyl tensor. The result of this commutation is expressed
in the following proposition (for the proof see [3], prop.7.3.1)

Proposition 1.3.3. Let W an arbitrary Weyl tensor. Consider its null com-
ponents as well as the null components of LxW. Let L be the projection

on S(u,u) of the Lie deriwative Lx, and let Zxa, ng be the traceless part
of the tensors Lo, La. Then the following relations hold:

a(LxW)ay = Lya(W )ab+K—((X>M+(X)M)+%tr(X%r)a(W)ab
- ( Qa)ﬂ(W)b—<( Py + Qb)ﬁ( )a
Lo, < m@)-ﬁ(vv)}
BULW), = ExB0V)ac+ |5 mms0W ) — (WOM + G0} 0w,
— HOOP 4 00Qu)p(W) — S (B + KIQ)o ()
_ %(m P, + (X)Qb)a(W)ab}
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BELXW)a = £xBW)a+ [—E(X)ﬁabﬁ(w)b - ((X)M+ %“"(X)W)Q(W)a

2 —
b 3 (OR,+000,)07) — Jeu(02, + Q)0
1
+ (MR (X)Qb)Q(W)ab}

P, +XQ )W), + (P, + Q) (W),

0ExWa = Eya(V )m[( ( >M+<X>M>+étr<x>w>g(w>ab
(<
Sap (K P+ Q) - ﬁ(W)}.

As we will see in Chapter 4, the terms in square brackets behave better
along the null infinity as far as the decay in r is concerned, so we shall
treat them as any correction terms. Therefore this proposition shows us that
the projection on S(u,u) of the traceless part of Lie derivatives done with
respect to S, T, DO of W null components, when r — 0, behave as the null
components of the Weyl field LxW.

1.4 Q integral norms

In the previous section we have shown how to estimate the sup norms of
a function f in terms of Ly norms on the (incoming or outgoing) lightlike
hypersurfaces of f and its derivatives up to the second order (see Proposition
1.3.2). Now we show which are the suitable integral norms to introduce on
C(u),C(u) and on the initial hypersurface 3y in order to study the asymp-
totic behavior of W null components. We denote these norms with Q[W].
They have to satisfy two properties:

i) They have to estimate the W null components, up to the second order in
L5 norms.

ii) They have to be bounded.

Let us start by showing how to define the quantities which satisfy the first
point.

As far as Lo norms for f are concerned, we recall (1.3.16) and (1.3.17), which
tell us how the W null components can be estimated by their Lie derivatives
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done with respect to the rotation generators of the spacetime.! As far as

the first derivatives are concerned, we note that (1.3.15) holds implying that
DW can be estimated by Lo[W] too. But in the inequalities of the proposi-
tion 1.3.2 some terms of the type Dy[W] or D3[W] appear too. Their control
is more complicated but it is obtained using the Bianchi equations. Let us
consider, for example, how to treat a(W). As far as D3« is concerned , we
use the Bianchi equation indicated by a3, which expresses Dsa in terms of
La(W) and YB(W). It follows Dza is bounded by Loa(W).

As far as Dy« is concerned, we note that an evolution equation for o along
outgoing null cones does not exist , but the following relation holds:

D40é = 2DTOK — D30é

and ||Dral|L, is estimated by ||Lral|L,. Finally all the first derivatives of W
null components will be bounded in terms of Lo[W] and Ly [W].

As far as second derivatives are concerned, we observe that ||¥*[W]]|z, is
estimated through ||[L3W |1, and ||V D4W |1, will be bounded by ||LEW |1,
and | |£O£TW| |L2 .

In order to obtain any estimates in terms of the Bel-Robinson tensor Q[WV]
related to a Weyl field, let us recall Proposition 1.3.3. Due to it the procedure
to follow is the following one: first of all we have to introduce some suitable
vector fields by which we saturate Q[W]. They must be:

i)Non-spacelike and future directed (in order to satisfy condition i) of propo-
sition 1.1.2),

ii) Normal to the foliation hypersurfaces and to hypersurfaces at t = const
(in order to apply the divergence theorem),

iii) They have to be the equivalent of Killing and conformal Killing vector
fields of Minkowski spacetime (so we can suppose their deformation tensor
to be small).

The suitable vector fields are just those already introduced, in particular
they are the null pair, {es, es}, introduced in definition 1.1.5 , the vector
field T = 2T,% and K = Ky + T, where K is defined in (1.1.8). The way
we can saturate Bel-Robinson tensor ) with such vectors will be made clear
in Chapter 4. After the considerations made up to now, let us introduce
without further explanations the integral norms we will show to be bounded.

! Actually the problem for p and o is not yet completely solved because proceeding in
this way one estimates p — p and 0 — 7.
2Q) is the lapse function of the spacetime
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Definition 1.4.1. Using the vector fields K,S,T and YO and denoting
V(u,g) - ‘]_(S(U”Q))?
we define the following energy-type norms:

Qu, u) = Q1(u,u) + Qo(u,u
Q(U,Q) = 21 (u,g) + 22(U,Q), (1'4'19)

where

Qi (u,u) = /C Q(tTW)(K, K, K, e,

(w)NV (u

+
E
=
s
=

C(u)NV (u, u)

Q(EOETW)(I_(, K, K, e4)

QQ(% ﬂ)

C(u)NV (u

+/ Q(L; WK, K,T,eq) (1.4.20)
C(uw)NV (u,u)

/ ESZ:TW)(K, K; K7€4)
C(u)NV (u,u)

)
=
<
~—r
I

V(u,u)N3g

sup P4 [ QUAWRLR K )
(w)NV (u,u)
+ / Q(LoW) (K, K, T,es),
C(uw)NV (u,u)
where p is the mean value of p(W).
Quw = [ QULW)E.K.K.e)
C(w)NV (u,u)
+/ QULEW) (K, K, T, e3) (1.4.21)
(w)NV (u,u)

+ / Q(LsbaW) (K. K. K. e5)
C(w)NV (u,u)
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and

A

QlEoﬂV(u,g) = /Eoﬂv(u W Q(‘CTW) (Ka Ka K’ T)
+ [ QUWRR.TT)
SoNV (u,u)
+ sup |ripl?
SNV (u,u)

Qoo s = / QLolrW) (K, K, K,T)
- SoNV (u,u)

+ / QUEW) K, K,T.T)
SoNV (u,u)

+/ Q(ZSzTW)(KakakaT)
SoNV (u,u)

We introduce the following quantity too

Q= s {Qu,u) + Qu,u)}.

{0, S (u,u) K}

Moreover, on the initial spacelike hypersurface ¥y we define

QZOQK - {u u|SS(311)L)CIC}{QIEOQV(u&) + Q2200V(u,2)}'

31

(1.4.22)

(1.4.23)

(1.4.24)

(1.4.25)

Now let us observe the Bel-Robinson tensor satisfies the following identi-

ties:

Q(W)(es, e3,e3,e3) = 2|Q|2
QW)(es, eq,e4,e4) = 2|af?
Q(W)(es, es,e5,ea) = 4IBJ°
Q(W)(e €4,€4,€ 4) = 4|ﬁ|2
Q(W)(es, e3,e4,e4) = 4(p* +0?),

(1.4.26)
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and, using multilinearity properties,

1 1 1
QUV)(Ko, Ko, Tyes) = qullaf? + 5+ 262) 5 + o (u' + 20262 + o)

1Y
1
+§U4|ﬁ|2
[ SPTINCENE P 2 a2y Looa 2 9/ 2 | 2
QU)K Ko Toes) = Mol 4 Lt 4 202 3+ 1w+ 202 + )
1
Lo 12 3 49102, 3 42,2, oy, L ga0
QW) (Ko, Ko, Ko, e4) = e, || touu 18| touw (p"+o )+§U 3]
1 3 3
QW) (Ko, Ko, Ko,e3) = Z—Luﬁ|g|2 + §g2u4|@|2 + §u2g4(,02 + 0?)
1
bl (1.4.28)

We also have

1 1 1 1
QW)(Ko, Ko, T,T) = §Q4|04\2 + §“4’Q!2 + 5@4 + §u2u2)|ﬁ!2

1 1 1
+§(u4+4u2g2+g4)(p2+02) 4 §(u4+§u2u2)|@|2

1 1 1
QW) (Ko, Ko, Ko, T) = §g6|a\2 + §u6]g]2 + Zu4(u2 + 3u?)|8)? (1.4.29)

3 1
+7 (@ + )t (o + o) + Ju (Bu” + )]
So, once we prove the boundedness of Qx and Q,., we are able to obtain all

the estimates for null components of the Weyl fields 2OW, 2TI/V, 2§W, 202TVV,
and LsLrW.

To connect these quantities to null components of W, we will use Proposition
(1.3.3), observing that the correction terms do not change their asymptotic
behavior.

Let us discuss now the possibility of estimating the integral norms we have
introduced. This is the most difficult point, because we shall have to exploit
the intrinsic hyperbolicity of Bianchi equations to obtain an analogous of the
energy estimates. To do it, Proposition (1.4.32) will be essential. In fact
let us shortly illustrate our procedure, which will be developed in details in
Chapter 4.
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We start recalling that we have introduced a double null foliation, shaped by

{C(u)}, {C(w)}-

We want to obtain an estimate of the form:
Q(Uﬂg) +g(u7g) S C(QZQNV(u,Q))~ (1430)

Then, denoted
5(u, ﬂ) = (Q + 2 - QZOQV(U@)) (u, Q):

we wish to proof that ¢ is bounded for all (u,u).
Actually in Chapter 4 we will show that in Kerr spacetime there exists a
constant ¢; = :—8 such that

e(u,u) < a1 Qx

and, from this
1

l—a
For ry sufficiently large, it means that, in the external Kerr spacetime, the
Qi are bounded in terms of their initial values.

In order to prove it, Proposition (1.4.32) is fundamental together with Stokes
theorem, from which we obtain the following equality:

Qi <

Ok (1.4.31)

/ QW)(X.Y, Z,e5) + / QV)(X,Y, Z, e4)
C(w)NV (u,u) C(uw)NV (u,w)
/ WYX,Y,Z,T)
SNV (u,u)

1
/V - [DivQ(W)ss XY Z° + SQ 7 (W)(MmagY, Zs
+®) waﬁy,yzg + DX Y5 (1.4.32)

where X, Y, Z are three vector fields on M.

So, e(u,u) will be written in terms of integrals done on the whole spacetime
region bounded by C(u), C(u) and ¥y. The most complicated part of our
work will be the estimate of integrals of the form

/ DivQ(LxW)(Y,Z, W), and / DivQ(Lx, Lx, W) (Y, Z,W).
V(u,u) V(u,u)
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Using the Bianchi equations, we are able to estimate the first integral with
some terms of the form

/ DW-W-<X>7ror/ DW - DW - X,
V(u,u) V(uu)

So we can substitute DivQ(Lx W) in which W derivatives up to the second
order appear, with terms having only zero and first derivatives of W. A
similar result holds as far as the terms of the form fv(u&) Din(z X, L W)
(Y, Z,W) are concerned. It remains a problem: In order to estimate terms
of the form DDW - W with the Q norms, we need to control Q(LsLrW)
too; therefore this term has been inserted in the definition of the @ and Q,
norms (see (4.2.4) and (4.2.5)).

In this thesis we will use this approach in order to prove Theorems 1.2.1 and
1.2.2.

In the next chapter we will examine the Kerr spacetime, the double null
foliation we will use in the following, the adapted null frame associated to
it and the other peculiar quantities that will appear in the error estimate
(connection coefficients, Killing and quasi-Killing vector fields, deformation
tensors...) with a particular attention to their decays along null infinity.



Chapter 2

Kerr Spacetime

From now on we focus our attention on Kerr spacetime, that is physically very
important, because of it represents the spacetime generated outside a rotating
body, in particular as it is reasonable to think black holes all rotating, Kerr
metric describes the geometry spacetime around them. This is the situation
that describes a nonspherical collapse, and in such a situation the spacetime
geometry outside the collapsing body should vary with time, moreover large
amounts of energy may be radiated away. But one would expect that at
sufficiently late times, the spacetime geometry becomes stationary and all
the matter present is rapidly swallowed up to the black hole, so the final
state should be vacuum.

2.1 General structure of the most important
quantities

Let us express the metric of Kerr spacetime the set of coordinates {¢,r, 0, ¢},
called Boyer-Lindquist coordinates. It assumes the following form

A — a?sin? 6 ¥ AMar sin’ 6
2 K- asmbL,y 4, o AMarsm-ov
ds® = > dt” + Ad’r’ + Xdb > dodt
+ R%*sin’0d¢?, (2.1.1)

35
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where:

A = r*+a*—-2Mr

¥ = r’+a’cos’d
1
R = §<(T2 +a*)? — Aa*sin?0),

and we note the useful identities:
YR* = (r*+a*)?® — Ad*sin®¥,
9ot — git = — Asin?6.
Moreover,let us define the following quantities:

P%(0,)) = a*(\—sin?0)
Q*(r,\, M) = (r*+a*?—d*\A
K*(r) = r*+ad?

where \ is a constant.

This metric is stationary and axisymmetric, and it is asymptotically flat,
because its components approach those of the Minkowski metric in spherical
polar coordinates as r — oo.

Now, we are interesting in looking for ingoing and outgoing lightlike hyper-
surfaces of Kerr spacetime, like level hypersurfaces of the optical functions
u, u:

C(u) = {p e Mlu(p) = u}
Clu) = {pe Mlu(p) =u}. (2.1.2)

Cause of the symmetries of Kerr spacetime, the three-dimensional surfaces
we are going to find, have to be null and axisymmetric with respect to the
axis of rotation, i.e. the two-dimensional surface

S(u,u) = C(u) N C(u)

have to be symmetric with respect to one of the two angle 6 or ¢. Let us
observe that as Riemann tensor of Kerr spacetime in Petrov classification is
of type D, it holds the following

Lemma 2.1.1 (Goldberg-Sachs theorem). In a type D spacetime there
ezist two congruences of null shear-free geodesics, that means there exist two
null vector fields L, L, so that x = x = 0.
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L and L have the following form:

2

K a
K? a
L = Kat—ar‘i‘Zad)

Adding to them the following two vector fields

. 1

€p — Tag

- 1 1 .

€y = g(sirﬁ% —l—a81n08t),

and recalling the definition (1.1.5), it is easy to verify we obtain a moving
frame. As we have seen in the precedent chapter, Killing vector fields of the
Kerr spacetime are the generators of the symmetries with respect to the time
t and to a fixed angle ¢; let us indicate them with:

TO = at
@0 = 9, (2.1.3)

We look for a null hypersurface that is obtained as an integral submanifold
of M from {L,eg, ®O}. As:

[L,P0] = [P0, eg) =0
1
[L,eq) = —5(& log X)ey,

from Frobenius’ theorem, it follows it is an integrable distribution, but it is

not null, in fact
2

a K .
g(L, (3)0) = ng + Ka sin? 890,

and so, L is not orthogonal to it.

Instead, whether we consider the distribution {L, ey, e}, we observe it is not
integrable because [eg, e4] doesn’t belong to the surface spanned from this
triplet of vector fields .

So, by this way, we have not found any lightlike cones of Kerr spacetime,
then we try again by studying the eikonal equation

9% (0av)(9pv) = 0 (2.1.4)
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and we look for its solutions, because they will be the level functions of
(2.1.2).
In Boyer-Lindquist coordinates, (2.1.4) is equivalent to

A(0,1,)? + (Opr.)* = K*'A — a®sin® 0 (2.1.5)

and it is easy to obtain a particular solution of (2.1.5), depending on two arbi-
trary constants, by adding and subtracting an arbitrary separation quantity

a’)\

on the right-hand side.
The solution is obtained integrating the exact differential

dr, = (%)dr + Pdf (2.1.6)

at fixed A\ and it is a function which depends on the variables r, 6 and on the
parameters A, m:
re = p(r,0,\,m).

But because of p depends on A too, a more complete expression for its dif-
ferential is
Q

dp = (K)dr + Pdf + (a®/2)Fd, (2.1.7)

where

(aQ/Q)F(T7 97 A? m) = aAp(T, 07 A’ m)?
and its explicit form is

o0 dg/ oo dr/ ,

The equation (2.1.7)reduces to(2.1.5) in any two cases:
d\ =0
that means A = ¢, but also A = A(r, 0) # ¢, provided that

F(r,0,\,m) =0.



2.1. GENERAL STRUCTURE OF THE MOST IMPORTANT QUANTITIES39

Thus we have a general solution, depending upon an arbitrary function

JIA(r, 0)].

Then p assumes the following explicit form

® 242 (R4 —Q(F N\ M)
p(r,0,\) = /T —A(T7M)dr+/r Afr, M) dr

+ /OQP(H, A) + %agf()\). (2.1.9)

Remark 2.1.1. The function p(r,0,\) is just the radial parameter of the
Kerr metric, i.e. given a closed 2-dimensional surface S embedded in (M, g),

p 1s the radius of S,
/1

The functions w which satisfy the equation

where |S| is the area of S.

w(t,r,0,\) =t =+ p(r,0,\) = const

represent an axisimmetric lightlike hypersurface (ingoing or outgoing accord-
ing to the sign). As it is shown in [9], we can define an angle 6, so that

A = sin®0,, (2.1.10)

and
0.(r =00,0) =0.

This choice fixes the arbitrary function f’(A) in (2.1.8), to be

04
oy = -2 / V= sin2 0de)
0

ad\

which implies the following expression for F' holds:

© S de
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The vector fields of the null frame adapted to Boyer-Lindquist coordinates
have the following form:

VA 1 1
R RNy (9660 — G160 + E[Qar + Py}

VA 1 1
e3 = ?{ Y] (9660 — G1p0s] — E[Q@« + Py}

1
ep = ﬁ(@ae — APO,)
1

€¢ = Rsin98¢. (2112)

Let us observe % is the lapse function €2 of Kerr spacetime.

Remark 2.1.2. Because of the quantity X is defined as a function that at
the infinity tends to the quantity sin® 0, this implies the following asymptotic
relations hold true, when r tends to 0:

NP2 = 9(P*) =0

ii)Q*> = X R?
iii)es = %ag
i)es = % @[gwat—gwaéﬁ]—%ar}
ver = Yot + 20,

Lemma 2.1.2. The new vector fields are related to those one of the precedent
null frame in the following way

\/ZK2+QL+K2—Q P _  asinf_

= L _
c R ow oy AT s Gl
VA K?—Q K2+ Q P _  asinf _
€3 = [ L+ = €9 — 6(25]
R ‘' 2% o VE N>
Q . AP AP
— _ L L 2.1.1
€o Nl D P (21.13)
Aasin 0 K?
- L+ L 7
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or conversely, reversing these one, we can express the old vector fields in
function of these news in the following way

K?+Q K?—-Q asinf

2\/ZR64+ 2\/ZR€3+ R €

K?-Q K2+ Q asinf

2\/ZR€4+ 2\/ZR€3+ R €

€ = \/ZP€4— \/Zpeg—i— ¢ eo (2.1.14)
2VER  2V/XR "~ VER

5, = K? . +\/Zasin9 VAasin
VER * 2RVS 2RVS

Proof. The proof of the first set of relations is a consequence of the explicit
expression of the coordinate vector fields 0, 0,, Jy, 9, in function of L, L, é,.
They are

L =

|~
Il

ey + es.

1
= —(L—-—1L
9 = LL-1)
9y = VXég
Aasin® 6 K?sinf _
A asiné _
at - ﬁ(L‘f‘L)_ \/ied,

The second set of equations derives from the expressions of 0y, 0,, 0y, Oy writ-
ten in terms of e3, ey, €,:

0 Q (er—es)— 2
), = ———(eq4 —e3) — —e
VAP
Oy = SR (64—63)—1—%69
0, = Rsinfe,
VA 2Marsin 0
0 = gplate) - —gp—c

Using them, from an explicit calculation, we find (2.1.13) and (2.1.14).
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We note the useful identities we have used

i) K*—a*sin?0=%
ii) YR —2MrK*=3XA
iii) Y R*—2Mra’sin®0 = XK*.

2.1.1 The function P

Now we want to describe the asymptotic behavior of
P = [a*(\ — sin?6)]2

with respect to r and to 6.
Thanks to (2.1.10), we can write

P = [a*(sin® 0, — sin® 9)]%

Let us suppose

1
0, —0=0(—),
()
we want to find «. First we observe that
sinf, — sin®6 = (sinf, — sin 6)(sin b, + sin )
0,+0. 0,—0 0,—0. . 0,+86
= 4cos( i ) sin( ) cos( ) sin( i )

2

and the quantity Sin(%) is the only part which tends to 0 for every 6 # 0.
Since at the first order
sin(f, —0) =0, — 6

it follows

1

Vsin? 6, — sin? 6 = O(y/sin(6, — ) = O(—)
rz

Then P — 0 in the same way as 6, — 6 and so, given (2.1.11), it follows

F =0 if and only if the first integral is of the same order of the second, i.e.

/oo dr' N /9* 4o’
r Q(T/’/\) - 0 P(9,7 /\)
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o dr 1
[ arry oG

1
r

Now

and so it must be

=
w\9| =

that means
a=2

and so P tends to 0 for #, tending to 0 like %

2.1.2 Kerr metric in Kruskal coordinates

We are enable to obtain another form of Kerr metric, starting from the func-
tion A: since it is determined by the constraint F' = 0, its partial derivatives
can be computed from (2.1.8), by requiring dF' = 0, i.e.

dr df
d\ = —— + — 2.1.15
where p = —g—f. It follows from it and from (2.1.6) that r, and A\ are
orthogonal with respect to the intrinsic two-metric
dr?
2 = Y(—— + db?
ol (= +4d%%)

of the spatial sections (¢,t) = const and further, since A does not depend on
¢ and t, it follows that X is constant along the lightlike generators, i.e.

[F0aA =0,

with
lo = —0qw = =0, (t £ 1)

If r, and A\ are adopted as any two new coordinates, in place of r and 0,
defining the quantity L = puPQ), it follows the intrinsic two metric becomes:

7v? = R72(Adr? + L*d)\?)
and the Kerr metric assumes the form

A L?
dr? — dt*) + —d\* + R*sin’® 0(d¢ — wpdt)?, (2.1.16)

2
ds” = ! R
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where
2Mar

YR?
Definition 2.1.1. This new set of coordinates, composed by {t, d,r., A, } are
called the Kruskal coordinates.

wp =

2.2 The Minkowski spacetime

Let us suppose now the case M = 0. Then the Kerr line-element written
in Boyer-Lindquist coordinates reduces itself to the metric of flat spacetime,
expressed in oblates coordinates in fact it is enough to make the change of
coordinates

2 +y* = (r*+a®)sin?0 = K?sin?0

z = rcosf,
that explicitly is

r = Ksinfcos o
= Ksinfsin ¢

z = rcosf.
It follows by these,
dr = % sin 0 cos ¢dr + K cos 6 cos ¢df — K sin 0 sin ¢pd¢

dy = % sin 6 sin ¢pdr + K cos 6 sin ¢df + K sin 0 cos ¢d¢
dz = cosfdr — rsinfdf

and finally Minkowski metric
ds* = —dt* 4 da* + dy? + d2?

assumes the form

2
ds® = —dt* + (% sin® 0 + cos® 0)dr® + Xd0? + K?sin® 0d¢?

that is just (2.1.1) with M = 0.
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Definition 2.2.1. We define the quasi-spherical light cones as null hyper-
surfaces which asymptotically approach Minkowski spherical light cones.

Quasi-spherical light cones of the Kerr spacetime are the null hypersurface
C(u) and C(u) found in section 2.1.

Remark 2.2.1. Studying the case M = 0, we note that the metric singularity
> =0 can not be a true singularity, but it is purely a coordinate singularity,
located on the ring of radius a in the plane z = 0. Otherwise, testing the Kerr
scalar curvature Rangam‘S, it follows it blows up when ¥ = 0 and M # 0,
that means there is a true singularity, not just caused from a particular choice
of the coordinates.

What this in mind, we can give a good interpretation of such a singularity
as a ring singularity, i.e. we define the Kerr metric on a manifold whose
structure in a neighborhood of the set of points such that ¥ = 0 has the
topology of R* with the set S* x R removed.

As far as the other singularity is concerned, it is defined where A = 0, that
means ry = M £/ M? — a2, possible only if a < M. Otherwise, as shown by
Boyer and Lindquist the singularities in the metric components at r = ry and
at r = r_ are coordinate singularities of the same nature of the singularity
r = 2M in the Schwarzschild spacetime.

2.3 Kerr Christoffel symbols and connection
coefficients
In the following, we write the Kerr Christoffel symbols with respect to the

system of coordinates {¢,r,0, ¢}, which are different from 0. Their explicit
expression and their behavior at the highest order are:

2Mra? sin 0 cos 0 2Ma?sin 6 cos 0
th = - 2 = O(_ r3 )
M M
¢ 2, 2 2y _
r, = AY? (r*+a*) (X —2r°) = O<r_2) (2.3.17)
. 2Mr(r? + a*)a®sin® § cos 0 2Ma? sin® 6 cos 0
F9¢ - 3 =O( r3 )
Masin?0 ., 9 3Masin® 0
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MA )
w5 E-27) =0(=3)
.9
]\ggA (¥ —2r?)asin® 0 = O(—ML;HH)
.
a?sin @ cos @ a?sin 6 cos 6
—%r =O0(—r) (2.3.18)

A
—ﬁ[sim2 O(4r(r* + a®) — 2(r — M)a®sin® ) — 2rgys] = O(—7sin’ )

1 M
sA A= (r=M)Z) =0(-3)

2Ma?r sin 6 cos 0 2Ma? sin 6 cos 0
- T3 =0(~ 5 )
2Ma, 5 5 . 2Masin 0 cos 6

3 (r* 4 a®)rsinf cos = O( = )
r 1
5= 0G)

a?sin 6 cos 0 a’sinf cosd
i g ¥ 2.3.1

Jeosh_ o r gt (2319)
1

—ﬁ(ﬁ +a®)[(r* + a*)* — 2Aa” sin” ] sin @ cos § = O(— sin 6 cos 6)
a?sin 0 cos 6 a’sin 0 cos 6
a0 )

2Mar cot 0 2Macot 0
—w C0T )

Ma 2 .. 9 2 2 2
YT {2r]=2(r — M)X + 2r(A — a”sin“ 0)] + (A — a”sin” 0)2(X — 2r°)}

Ma
O(-—7) (2.3.20)
SAS [4M?arsin? 0(2 — 2r?) 4+ (A — a?sin? 0)[2(4r(r? + a?)
1

2a*sin®* O(r — M)) — 2r((r* + a*)* — Aa®sin® §)]] = O(=)

,
2, 2
%[(A —a*sin® 0)(r* + a®)* — 2(A — a*sin” 0)

-Aa®sin® 0 + 4M?a*r* sin? 0] = O(cot 6).
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Moreover, we have computed the connection coefficients, defined in (1.1.2)
in terms of the null frame vector fields at the highest orders:

where

Then:

X060
X0¢

X oo
X060
Xoo
X0

try

Go
Co
Mo

Mg

€

1 M P?
r o or2 73
0
1 M P a,
e r_260t9+r_3(28m 60— M)
1 a®,_ .,
Oy P — P cot 9>ﬁ + r—g(Qsm 60—\
—Xo6
0
2 2M  Pcotf
S : 9.3.21
r 2 2 ( )
trx = 9" Xab = Xoo + Xoo
__ ab _
trX =9 Xop = Xpg + X(;S(;S
. 1.,
Xab = Xab — 56 bXab
o 1 ab
Xab - Xab o 55 Xab'
1,
——(a*sinfcosf + MP + POyP)
273
3Masinf
73
! (a®sinf cos + MP)
53 a” sin 6 cos
3Masinf
3
M
212
M
— (2.3.22)
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The following equalities are exact, i.e. they hold not only at the higher orders
of decay, but for anyone:

Xog = —Xo00

Xop = Xoo

Xpp = “Xoo

Xgg = ~Xoe

X¢¢ = —X¢o (2.3.23)
X€¢ = O

try = —try (2.3.24)
My = Mo

n, = M

w = —w (2.3.25)

We prove just one of it, in particular we show the expression for ygy is correct
in the appendix.
2.4 Killing and pseudo-Killing vector fields

We have already introduced the Killing vector of Kerr spacetime in (2.1.3),
let us recall them here:

0

T - =

0 p)
(3)0 _ g
o

they are the generators of the time translations and of the spatial symme-
tries.

The other two rotation vector fields (which are not Killing vector fields)
written with respect to Boyer-Lindquist coordinates have the following ex-
pressions

@0 = —cos @0y + sin ¢ cot 98¢,
WO = —sin¢dy — cos ¢ cot 00,
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Moreover we introduce the conformal Killing vector fields S, K, and K which
will appear within the energy norms.

1
S = —(ueq+ ues)

2
VA 1 Q
= R U8+ 0) o (9600: = G1005) + 2P0}
1
KO = §(u263 +2264)
- 1
K = §(Tie4+73e3) (2.4.26)
VA, ot p
_ VA, bt _ L P 92.4.2
7 Az g 9000 — 960s) + (Q0, + PO}, (24.27)
where p is defined in (5.6.43). Finally we define
1
T = 5(63 + 64) (2428)

From the differential geometry, we recall the following

Definition 2.4.1. Let X be a vector field, then the deformation tensor of X
15 defined as the quantity

7w = Lxguw = DX, + D, X,
and its traceless part is

St =X, — Zgu,,tr(x)ﬂ.

Then, if X is a Killing vector field, it follows

Xr=o0.

Definition 2.4.2. Given a Weyl tensor field W and a vector field X, we
define the modified Lie derivative relative to X by

. 1 3
LxW = LyW — §(X)[W] + gtr(X)WW, (2.4.29)

where

(X)[W]ocﬁwé = (X)WZWM/@MS + (X)WEWOWWS + (X)Wgwaﬁué + (X)WJMWWW'
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Remark 2.4.1. The modified Lie derivative of a tensor field is a tensorial
quantity too and the modified Lie derivative of a Weyl field is yet a Weyl
field.

In the following we give a decomposition of the deformation tensor of a
vector X with respect to the null frame:

(X)ﬂ-ab g(DeaXy eb) +g(DebX7 €a>
(X)ﬂ-a4 = g(DeaX7 64) +g(D€4X7 €a)
(X)7Ta3 = g(DeaX> 63) +9(D63X7 ea)
Mgy = g(De, X, e4) + g(De, X, €3) (2.4.30)
Oy = 29(De, X, e4)
(X)7T33 = QLQ(D%)(7 63),
and the traceless part of the various components is
(X)ﬁ-ab = (X)Trab - Zéabtr(X)ﬂ-
Oz, = Og,
(X)ﬁ-ai% - (X)Tra?)
Xy = gy + 5U(X)7T
(X)7AT44 (X)7T44
(X)7AT33 = (X)7T33-
Now let us introduce a new notation for the previous quantities:
X = Oz, X)j = Xz,
Fmg = O, Om, =Xz, (2.4.31)
X =@z, Fp= Oz,

2.5 Asymptotic behavior of deformation ten-
sors

Proposition 2.5.1. As 90) s g Killing vector field, the deformation ten-
sor related to PO is null. The null components of the two other rotation
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deformation tensors behave at the infinity in the following way:

) O) . . a/ .
@0y = ——(2a — 3M)sin 6 cos 0 cos ¢
r
3M
(2)(0)@‘(]5(]5 = — 2a sin 6 cos 6 cos ¢
r
@ a’
gy = —— sin @ cos fsin ¢
,
(2)(O)j = %(a — 3M)sinf cos 6 cos ¢
,
2Ma si 20
@0)y, = asm;b Ccos (1 + sin?6) (2.5.32)
T

(2>(0)m¢ =0
2

DO, =my+ 2? cos ¢

(2)(0)_¢ =—my =0

®0), = Zasinfcosh sinrg cos 0 [acos ¢ — M sin @]
@)y = M[a cos ¢ + M sin @]

and the behavior of m(O)WW is very similar, in particular

D0y = _%(2a—3M) sin 6 cos 6 sin ¢

D0y, = _B%G sin 6 cos 0 sin ¢

(1)(0)2'9(;5 _ # sin # cos 6 cos ¢

Do) = %(a — 3M)sin 6 cos 6 sin ¢ (2.5.33)

r
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M(0) _2Ma cos ¢ cos? 0

me = = (14 sin? )
DOy, = 0
YO,  =my+ 27"_22 sin ¢
(1)(O)m¢ — —my
W)y = w[a sin ¢ + M cos ¢
WOy = M[a sin ¢ — M cos ¢]. (2.5.34)

The proof is a straightforward direct calculation, starting from the defi-
nition of the null components of (Om)ﬂ, and using the results found for the
connection coefficients of Kerr spacetime. We have computed explicitly all
this terms, but in order to not overload too much the work, we report only
one of it at the appendix of the chapter.

Corollary 2.5.1. As far as the O components are concerned, we have found
in IC the following inequalities:

W (4, 94, @m, O, ©On, ©p)| < ¢ (2.5.35)
7Dy (14, , O, O, O, O < ¢ (2.5.36)
775 ({4, ), O, O, ©p )| < e (2.5.37)

Really, it holds the following

Proposition 2.5.2. The first derivatives of the components of (O)WW satisfy
the following L, estimates on any S C K, with p € [2,4]:

1P 7 (04,0 Oy Oy O Ol ¢ < ¢
_2 . .

|7° "7 D49, @, O, O, O O], s < ¢
_2 . .

Hr3 plz)3((0)27 (O)jv (O)ma (O)ma (O)na (O)Q)HP,S S C.

Proof. This result and those following one relative to the derivatives of null
components of the other deformation tensors are obtained observing the fol-
lowing relations hold:

i) when Dy acts on a function f, it brings a term which is of the order of %,

that means it improves its asymptotic behavior like r~!.
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ii)In general, when D3 acts on f, it is substantially like %, then it brings a
factor of the form u~!, but whether f doesn’t depend on ¢, but only on 7,
then the derivative with respect to es produces a factor of the form %

ii) When you make the tangential derivative ¥ on f, then if it depends on
0 or ¢, then Yf will be of the order of %f; if it doesn’t depend on any two
angle, then Yf = O(r~2)f. (This last fact follows easily from the form of
the vector fields eg, e, (see (2.1.12))). O

The explicit expressions of the components of X )ﬁm,, when X =T, 5, Ky
are (see [3], (pg. 172-176)):

, . . 1 1
Dy = Xap + X, t §5ab(§(trx +trx) +w + w)

1
My = i(trx +try) + (w +w)

Om, =n —C, (2.5.38)
(T)ma =1+ Ca

Dy = —4w

Mp - = —dw,

1 1 2R
iy = uXap + ux,, + iéab(i(gtrx +utry) + (uw + uw) — ﬁ)

@y = %(gtrx + utry) + (uw + uw) — \2/—]%
Smg =uPm, (2.5.39)
Sm, = um,
Sy — oD
®n =uPn,
Eo)jy, = u{ap + 1%, + 15 b(l(u2trx +uttry) + (vw + vw) — (u + u)ﬁ
a U Xa Xgp T 50%(5 (2 X) +(u w)—(u JA
(Ko)j = 1(thrX + ultry) + (vw + v’w) — (u+ u)ﬁ
! W+ et -t v g
Ko, = u?Dm, (2.5.40)
(Ko)ma - UQ(T)ma
Koy — 2@,
)



54 CHAPTER 2. KERR SPACETIME

Proposition 2.5.3. Recalling the decays of the connection coefficients, we
find the following asymptotic behavior for the components of the deformation
tensor of the vector field T = %TO :

(T)iab =0
()
] =
1 P
Mmy = —(a®sinfcosf + MP + EaGP) (2.5.41)
T
(T)m¢ _ _6Magsin9
T
Dy =Dy
D, =~y
@, _ %
,
m, - M

Their deriwatives decay in the following way:

| A7V Om |,s < ¢
| Y Dm ||,s <c
| Y Dn s < c (2.5.42)

_2
oY s <

_2
| 7D Dm s <c
2
I rt PP Dm l|ps < ¢
2

| DM |5 <c (2.5.43)

| D Dn |5 <e

2
| 772D Dm |[,s <c

_2
| 772D Dm |[,s < c
I 7“37512)3@)71 l|ps <c (2.5.44)

7D s <c.



2.5. ASYMPTOTIC BEHAVIOR OF DEFORMATION TENSORS 25

Proposition 2.5.4. The components of (S)fr,w at the highest order have the
following form:

()i — 2Mlogr n ?(%P — Pcotfd — M

r 2 r
Py 2Mlogr  3(Pcot® — 0yP) —TM
r 2r
®)j = 4Mlogr — ﬂ
T r
u2(a®sinf cos @ + MP) + Py P
Sy = 2
2 73
Masin 0
s _
( )m¢ = _6UT
u2(a?*sinf cos + MP) + POy P
O N—
R 2 73
2(a®sinf cos @ + MP) + POy P
— —_ ,,,,2
2 .
Sy, — ~u2(a”sinfcosd + MP)+ POy P (2.5.45)
2 73
2(a*sinf cos O + MP) + PP
(5), —oMu
2
Sy = _QM_;—L = _4%,
r r
as:
T+
Z>ﬁ = 0(2)

. Moreover, for their first derivatives, the following L, estimates hold for any
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p € [2,4] and for any S C K:

| oS s <c
| PV s <c
| E29®m (e <e
| A VEm s <c
| H LY |, <c (2.5.46)
| P YOn s <ec
| D s <ec
| P s <ec
| P ADm |5 < e
| A POm s <e
| 25D, (s <c (2.5.47)

| DO s <ec

|2 Ps®i s <ec
| Ps) s <c
| Psm s <c
| P POm s <c
| e DsSn s <c (2.5.48)

_2
| PP s <e.

At last we have computed the components of K deformation tensor at
the first order in the same way and they result to be the following:
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Proposition 2.5.5. For any S C K, the following estimates hold

(R),, - HMtlogr
T
(R, — HMtlosr
T
" = 8Mt10gr
,
2
T TQ%Q(a sin @ cos 6 4; MP) + PO,P
r
Ry = 72 (—p2Lasmf)
r
B, = 7_2(_12(&2 sinf cos@ + M P) + POy P
’ T2 r3
_ 22(a281n«90059+MP)_|_p30P
,
g 12(a*sinfcos® + MP) + PdyP
g :Tﬂ_i 3
_ 22(CL281H90089—{—MP)+P88P
- r
_ M 2
”
2
Fp - = —2M§+ — —8M.
,

Moreover, for every p € [2,4] the following inequalities hold:

3-2 .

| =YW s <c
_2

I %W(K)j ||p,S <c
_2 %

| 7T Y Em s <c

| P2y Em

m ||p,S <c
_2 7
| T EYEn s <c
_2 %
| Yy En s <ec

)

)

(2.5.49)

(2.5.50)

The L, estimates we have found are a consequence of a more general fact,

easy to show:
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Lemma 2.5.1. If the Lo, norm of a tensor field on K decays as r—®, then, on
2
every S, its L, norms decay along the null directions asr™""#, forp € [2,4].

2.6 Appendix

2.6.1 Estimate of Yy

Let us calculate explicitly the connection coefficient xp9 = g(De, €4, €p):

VAP
SR

VAQ
SR

)9(9s, €o)

X600 = [30 (

) (O, eq) + 89(

VAP
ER[ (ER

) (87“’ 60)j| + F;Ueiegg(ﬁm 69),

g(arv 60)}

+F0 »€1€69(0p, €9) —

VAQ

+0r (3R )9

being the only terms different from 0, as 9y and 0, the only coordinate vector
fields not orthogonal to ey. Then:

1

r2

Q* ,0,P, VAQP
zRO( )~ SR3
+[£(\/_Q _AgPQ)_2a smé’cosé’\/_PQ]_

YN Y2ZR2 Y2R? by Y2R?2 'R
AP P .Q MAP?Q a®sin 6 cos
sePG) st e T
(\/_Q2_A3P2)é VAPQ

S2RZ RPN ReR2

Mr2AsQP,, P

YA N2R? ](_E)

Oy P 2P(a?sinf cos § — 22) 1 P?
- ;32 +O< 4 : )+O( )+O< )

—2Pa?sinf cos 6 P? MP2

po(ZRemsty L o Py o
Pa?sinf cos 6 a’®P? P? P’M
T)+

X600 = [Za sin # cos 0 — —89 }

+0(
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where we have used the expressions in power series centered at r = oo for
the following quantities:

A M M 1
£ - 1o (= —sin?0)

R r r3 2

Q _ a*(sin® 0 — )

p r2

A L M a%sin’d

Y 7 272
Q . a\

R2 2r2

The term O(%) derives from the highest order of ygy, that is @QR?". Devel-

oping it as a series of powers, its first terms result to be:

and so at the higher orders, the component ygy assumes the following form:

1 M P?
Xoo =~ = 5+ 3 (2.6.51)
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2.6.2 Estimate of ?©O)p

@0 (2) _ 4Mra t (2,0
n = 2¢9(D.,'"0,e4) = Oy (— cos Op,eq) + 21" O e]g(0, e
9(D, 1) JASR s ( ?)9(p, €4) p 29(0:, ea)
+2F;a(2)0pezg(ara 64) + QFZJQ)Opezg(aea 64)
_ MParsing 2[0(2a3MSin39(3089)(_2Mmcos¢
- IR? s VASR
\/ZPsin.ngcose) +O(2Ma25in90089)cos¢ R }
YRsin6 r3 VA
N 2Q [O(_Masinze R +a2Sin29COSQCOS¢\/ZQ
VAR r? VA )y YR
A VAP 2Mra ; 2VAP
+=7cos ¢ } +
b LR VAYR R
2Ma sin 6 cos 6 sin ¢ R r Q VA
[ cot 6 — = COSPp—=—+—
r3 N/ N> ¥ R
+a2 sin 6 cos 8 VAP B 2Mrasin ¢ cos? 0

COS .
) YR VAYLR )

) sin ¢ cot 6

+ O(—T sin? (9) sin ¢ cot 6

The highest order terms came from:
r (2 r 0
(0, e4) (TesP0" + 15, P07¢].

So )
0y = O(M(a cos ¢ — M sing)).

r2



Chapter 3

The Error Estimate

3.1 Definitions and prerequisites

As far as we have claimed in the second chapter, we have to check the bound-
edness of the @ norms. More precisely, in this chapter we will prove the
following

Theorem 3.1.1. Let us suppose W be a Weyl tensor which propagates itself
in Kerr spacetime and which satisfies the Bianchi equations.
Then, the following inequality holds

Qx < cQsynk, (3.1.1)
where Q. and Qs nx norms are defined in definition 1.4.1.

Remark 3.1.1. The proof will mimic the result obtained in [11], chapter 6).
The necessary calculations using in the proof are many and complicate, then
we will not report all, but, in order to render the exposition clear and to give
some general ideas of the work, we do some of then explicitly in the next
sections and we will report the other one in the appendiz at the end of the
chapter.

Now we are trying to explicate basis concepts about the used techniques.
In order to prove the result (3.1.6) we need to control the quantity that we
call the error term, defined in the following way

S(u,g) = (Q +2)(u7@) - QZOWV(ME)' (3'1'2)

61
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Recalling the definition of the 1-form P related to the Bel-Robinson tensor of
W (see (1.1.7)) and using Stokes theorem we are able to prove the following
equality holds:

/ QMK Y.Ze) + [ OWY(X.Y. 2.1
C(w)V (u0)

C)NV (uw)

SoNV (u,u)

. 1 (03
= / ( )[DWQ(W)MxﬁwzS + 30 P WY (N rasY, Zs
V(u,u

+ 7,5, Zs + Drs X, Y5)] (3.1.3)

where XY, Z are three vector fields on M.
Therefore we can decompose the error term in two parts, one of it related to
Q; norms and the other one associated to Q,, that means

E(u,u) = E(u,u) + Elu,u)

where

& (uu) = / . DVQUE s (K7 EY)

+ / DivQ(LoW)gys(KPKT?)
V(u,u)

3 A - _
+§/ Q(/:TW)ams((K)waﬂK7K‘;) (3.1.4)
V(u,u)

A

V(u,u)

1

+—/ Q(E()W)agv(s((rf)ﬂ'aﬁ[(wf(d)
2 V(u,u)
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Sg(u,g) = /V( )DiVQ(zozTW)ﬁwg(KﬁR’yKé)
[ DNQUELW) (KPR
V(u,u)

o[ DO KR
V(u,u)

3 " o
+5 / Q(LOLW ) apys (TP KTK?)
V(uuw)

3 - o
+§/ Q(LsLrW )apys (TP KVK®)  (3.1.5)
V(u,u)

| QW (O EOT)
V(uw)

1 2 _
+—/ Q(EOW)QQW;((T)WO&KVK(S).
2 Jv

This decomposition divides the terms depending only on the first derivatives
of W, which appear in & from the terms that involve second derivatives,
included in &. We shall prove there exists a constant ¢y such that

E(u,u) < L0, (3.1.6)
To
which implies
1
< 1.
QIC = 1 _ Co/T‘O QZoﬂ’C (3 7)

that, for » > rq sufficiently great, will conclude the proof of the theorem. This
last consideration means that we have to consider only an outer region with
respect to the domain of dependance of B(0,r), ball of radius r contained in
Y. In the precedent chapter we have already seen that all the most sensitive
quantities of Kerr spacetime, and in particular the connection coefficients,
when r — 0, tend to those one of Minkowski spacetime.

Even if quantities to control are similar to the one of [?], we had to make every
calculation again, because main quantities of Kerr spacetime have a different
asymptotic behavior from those one of a linear perturbation of Minkowski
spacetime, so we must verify if these new behaviors allow boundedness and
smallness of norms. More in details:

1) Connection coefficients decay as in the book case, except 7,7, (, ¢, that
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decay faster.

2) Our deformation tensors, have not null components equal to zero,
except((g))oﬂ =0

3) Also some of the asymptotic behavior of ("7, (9% are different, in which
case they are better.

One could think the results easily follow from these better decays, but we
have a problem regarding the smallness of €(u,w), problem which we can
solve only in an outer region, where r > ry, so we need very good decays to
show (3.1.7).

Before to estimate into details all these terms, we provide you a short sketch
about how decompose the integrand for best using the previous estimates on
the connection coefficients.

We first consider the term with involves Div(Q). Let us denote

D(X, W) = DivQ(LxW).
We will see we are able to express it as a sum of products of type
w-w - Xg

where W is some of null components of the conformal part of Riemann tensor,
or their first derivatives, (X)7 represents a generic component of the defor-
mation tensor of X or its first derivative (then it depends on the connection
coefficients up to their second derivatives). Then

/ D(X, W)
V(u,u)

w-w . &g

V(u,u)

will be some thing as

and so, applying Schwartz inequality,

1 1

2 2

| Wew - g < \/ W .\/ W2
V(u,u) V(u,u)

V(u,u)

1
Now, the first term will be just controlled by cQj., while as far as the second
term is concerned, we first observe

1 1
2 u 2
| / WP =) / au( / WPy
V (u,u) ug C(w'5[ug,u])
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then, whether (X)W(u, u) admits the right decay, we can estimate this term

1
too with cQj.

Remark 3.1.2. Really, we know the decays in r, then first we will have to
transform them in decays along u, or u, noting that, on the outgoing light
cones (where we are performing the integral), u is a constant and u ~ r.

Remark 3.1.3. Sometimes we can’t directly estimate

1

2

| W)
V(u,u)

but we will resort to more sophisticated estimates, which will involve Ly norms

of W and M.

We give now an explicit example about the reduction of the various error
terms to above mentioned integrals. As far as the terms with DiVQ(ﬁ xW)
are concerned, we have to compute explicitly them, when X =T, O.

We start introducing some new quantities, defined in the following

Definition 3.1.1. Given a Weyl tensor W and a vector field X, we define
the Weyl current as

J(X, W)gfy(; = D"‘(ﬁXW)amg.

J can be decomposed with respect to a null frame, as well as W has been
decomposed, in the following way

1 1 _ 1
A(J) = ZLJ4347 A(J) = ZJ3437 :(J)a = §J44a
- 1 1 1
Ee = e Ie= gl L()e= 5
1 1
K(J) = ZEGbJ4ab, K(J) = ZeabJSab (3.1.8)

@<J)ab = Ja3b + JbSa - <6CdJ03d)5ab~

O(N)ap = Jaav + Jota — (0 Jesd) Oab,
Let us consider the case X = T, and so let us analyze the term

D(T,W) = DivQ(L;W)(K,K,K).
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The first thing to do is expressing din(ﬁTW) as a sum of products between
the null components of deformation tensors and null components of Weyl
tensor field. Let us project divQ(LrW) along the null frame:

o 1 3.
D(T, W)(K,K,K) = §T+D(T W)444 -+ 87'+T D(T W)344
3 1
§T+ T D(T, W )34 + 3T SD(T, W)ss3, (3.1.9)

where

S

S

=
|

4a(LyW) - O(T, W) — 83(LxW) - E(X, W)
D(T,W)us = 8p(LxW) - MT, W) + 80 (LyW)K(LrW)
+8B(LeW) - I(T, W)
D(T,W)sss = Sp(LyW)AT, W) —8o(LyW)K (X, W)  (3.1.10)
—83(LyW) - L(T, W)
D(T,W)szs = 4a(LyeW)-O(T, W) +85(LrW) - E(T, W)
Really the same expressions hold for D(X, W), for every vector field X. In

particular, when X = O, we are interesting in the estimate of the divergence
of Q(LoW) saturated with (K, K,T). So we find the following identity holds
1

D(O,W)(K,K,T) = §T+( (O, W) a4 + D(O, W)344)

1
+ 17'4_ ( (O W)344+D(O W)334)
1

* ng(D(O’ W)ssa + D(O,W)zs3).  (3.1.11)

Let us consider now the second product term of D(T, W) y44:
AB(LyW) - E(T, W). (3.1.12)

In order to obtain the explicit dependance of D (T, W )44 on the null compo-
nents of W and their first derivatives and null components of ()7 up to the
first derivatives, we decompose the null current J(T', W) into three parts

J(T,W) = J(T,W) + J*(T,W) + J*(T,W)
where

1
JHT,W)ps = §<T>7%WDVWMW (3.1.13)
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is such that it depends on M7 and on the derivatives of null components of
Weyl tensor field up to the first order.

1
ST, W)prs = §(T)PAW%6
1
JS(T, W)gys = 5((T)QamWaA75+(T)qa7>\W°‘57)‘) (3.1.14)

where
(T)pA = D)7,
1

Dogy =P D70 — Dt — g(( 'Dy9a5 — Tpsgar).

So J? and J? both depend on the first derivatives of ()7, but in a different
way, and on the null components of Weyl field not derived. As a conse-
quence of this decomposition, also every null component of J results to be
decomposed in three parts, in particular

E(J(T, W) =Z(JYT, W)+ ZE(J*(T,W)) + Z(J*(T,W))

where Z(J') is a sum of quadratic expressions between components of ("7
along the null frame and null components of Weyl tensor or its first derivatives
(plus lower order terms), explicitly ( recalling (Mi = T)j =0)

EJHTW)) = Qr[Tm;aq) + Qr[Pm; as] + Qr[Mm; V5]
+ Qr[Mn; Bs] + trx {Qr[Mm; a]+}
+ trx{Qr[Pm;a] + Qr[Tn; A} + Lo.t. (3.1.15)

For the explicit expressions of s, (p, ) (3,43, B34y see the (1.1.5), while as far
as the quantity which we denote a4 is concerned, (recalling that it does not
exist an evolution equation for a along null outgoing hypersurface, as well as
there isn’t the evolution equation of a along incoming cones) it is obtained
expressing it in terms of ag and Dra:

D 1
ay =2Dra+ az + (§trx + Etrx)a (3.1.16)

and analogously

5 |
ay = 2Pra — ay + (Ftrx + Strx)a.
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Then
(AT, W) = Qr[M;al + Qr[Mps; f] (3.1.17)
E(T,W) = Qrla; (1, 1)(Mg)] + Qr(s; (K, A, ©)(Mg)]
+ Qrl(p,0);E(Myq)]. (3.1.18)

In order to not overload too much the error estimate, let us report the explicit
expressions of the various functions of (7'q which appear in (3.1.18) and the
expressions of all Weyl current components at the appendix of the chapter.

3.2 Error estimate into details

From now on, we shall follow the proceeding adopted in chapter 6 of [11].

First, let us write the explicit expressions for (X )pu; they are the following
1 .
Opy = d/w(X)m - 5(12)4()()@ + Dg(x)j) +@2n+n—¢)- Xm (3.2.19)

1 1
— x-X— §trx(tr(X)i + X)j) — §trX(X)n — (D3log Q2)®)n,

1 .
Opy = div®m — 5(12)3“’71 +D,%5) + (420 +¢) - Pm (3.2.20)

1 1
— - ®i— §trx(tr(x)i + X)j) — §trX(X)@ — (Dylog Q)Fn,

1 1 .
Xy = VC(X)Z'—§(D4(X)m+D3(X)m)+—(?7+Q)(X)j

2
1 1
o) i teioon Ly ey, C 30 00, - 30,00,
- 2 2= 4 4 =
1 1
— §(D4 log Q) X)m — §(D3 log Q)F)m. (3.2.21)

In the rest of the section we will need to know their decays when X = T,
or X = 0. In particular, as we know the asymptotic behavior of connection
coefficients of Kerr spacetime and that one of 7,0 and S deformation
tensors components, we are able to show the following asymptotic behaviors
hold true:
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Proposition 3.2.1. Based on proposition (2.5.1) and on corollary (2.5.1),
the following estimates for any S C K with p € [2,4] hold:

_2
1772 (Dps, O ps, O po)llns < c. (3.2.22)
As far as (T)pu are concerned, the following asymptotic inequalities hold

Proposition 3.2.2. Based on proposition(2.5.3), we find the following es-
timates relative to Mpy and relative to its derivatives for any S C K with
pE 24

_2

Ir* > Dps],s <c
_2

Ir* ™ Dpyll,s <c

_2
H7“3 p(T)YﬁaHp,S <c,

[T ar
_2
| |7“4 P V(T)m

I D glls < e

p,S <c

p,S SC

Proposition 3.2.3. Making basic calculations, it follows the following esti-
mates hold:

HT%(T)p3HL2(CﬂIC) <c
||7“3W(T)P3||L2(szc) <c

172 L5 D Pal | Laicrny < c

Given a vector field X, we report the explicit expressions of any null
components of the currents of W relative to X in the appendix at the chapter.
In order to estimate the error term, it will be necessary to estimate their
asymptotic behavior when X = O, T.

Now let us state the following propositions which prescribes their asymptotic
decays

Proposition 3.2.4. Given a Weyl field W propagating in the Kerr space-
time, the null components of the part of the current J3(O, W) satisfy the
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following estimates for any S C IKC, with p € [2,4]:

2
|r3 P20, W)ps < ¢
P00, W)|,s < ¢
A0 W)]s < e
|r3_%K(O,W)|p,5 < ¢
P IO, W)],s < e
and
P TPEO,W)s < e
3_2
200, W)ps < ¢
P TPAOW)],s < e
PTIK(OW)]s < e
PR I0.W),s < e
Proposition 3.2.5. LetT = %8% and W a Weyl tensor in a Kerr spacetime.

Then the null components of the part J>(T, W) satisfy the following estimates
for any S C IC, with p € [2,4]:

T

FPE(T W) s < e
4—2
TP O(T, W),s < ¢
P EAT, W), < e
4—2
K (T, W)lps < ¢
T, W)s < e
and
_2__
|T‘4 PE(T,W)lp’S < c
HRO(T, W),s < e
3_2
PP AT, W)lps < ¢
PP K(T, W), < c
3_2
[ I(T,W)|ps < ¢
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At last we need the results of proposition 1.3.3 to estimate the modified
Lie derivatives with respect to the vector field X of the null components
of W in terms of the null components of the tensor field £yW. We have
yet to show that when X = T, O the terms in the square brackets have a
better asymptotic behavior, so we can disregard them. In particular, let us
consider X = T'. Then recalling the definition of the quantities P, Q...., given
in (1.3.18), we have computed the asymptotic behaviors of the Lie coefficients
of T, O and they are expressed in the following propositions.

Proposition 3.2.6. The Lie coefficients of the vector field T have the fol-
lowing asymptotic behavior:

MP, = 0()
"p, = 0(3)
0Qu = 0(5)
MQ,=0(5)
DM = 0(5)
DM =0(5)
N =0(3)
DN = 0(5)

Then, comparing them with the expressions of the proposition 1.3.3, it follows
at the highest order null components of LW behave as the projection onto
S(u,u) of the modified lie derivative with respect to T of the corresponding
null components of W.

Proposition 3.2.7. The Lie coefficients of the vector field (2)O have the
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following asymptotic behavior:

20 p, = = O(sin ¢ cos )

P¢ = O(cos ¢)
)0 Bo = O(—sin¢cosb)
)0 = O(—cos ¢)
20, = O(—sin ¢ cos )
) )Qa = O(—sin¢cos )
(2 i C
DM = O(ﬁ)
( C
DM = 0(3)
(2)(0 . &
ON = O<ﬁ)
PON = 0(5).
Moreover, the following relations hold:
200 p, 4+ 20, = o)
,
P1
2O p, 4+ 20, = (aa_F cos @).
b

Then at the highest order null components of EQ)OW behave as the projec-

tion onto S(u,u) of the modified lie derivative with respect to (2)O of the
corresponding null components of W.

Remark 3.2.1. The decays for the Lie coefficients of 9O gre very similar
you have just to change sin ¢ cos ¢ and sin @ with — cos6.

3.3 The error term ¢;

All the estimates present in this chapter are relative to the double null foli-
ation and to the initial hypersurface .
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3.3.1 Estimate of [, . DivQ(LrW)s,5(KP, K7, K)

As we have seen before (see (3.1.9)),we have to estimate the following inte-
grals:

/ T_?_D(T, W)444, / Tj_TED(T, W)344
V(u,u) V(u,u)

/ TinD(T, W)334, / TED(T, W)333
V(u,u) V(u,u)

. Let us control only the first integral, which has the highest weight factor
in 7. From equation (3.1.10), we have to control the following integral:

[ )=
V(u,u)

/ S a(LeW) - (T, W).
V(u,u)

In fact, it holds the following

Proposition 3.3.1. In Kerr spacetime, the following inequalities hold

N _ c

| B(LeW)-E(T,W)| < —0Ox
V(u,u) To

‘/ T—?-O‘(Z:TW) -O(T, W)‘ < EQIC-
V(u,u) 7o

Proof. We discuss into details the first integral, the estimate of the second
one is similar. Using the coarea formula

/ F = / du’ / F,
V(’“‘:E) uo C(u,)mv(uvﬂ)

with ug(w) = u|gwns,, and the Schwartz inequality, it is majored by

N |=

[, sy =] < e [Cai(f R

V(u,w)
3 u
cQr [Z/ du'’ - (3.3.23)
i=1 Y U0

([ ) =R (3.3.21)
C(u';ug,u])

(w°[=(T, W)

IN
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To complete the proof, we have to prove the following inequalities hold

( 16|=(1) 21\ 3 1 3
u |“ <T7W) |) S |U/|2QIC
1 1 1
(WO I=E®(T,W)?))? < TR
1 1 1
(WSEDT, W) < e (3.3.25)

As far as the first integral is concerned, we have to estimate various terms
(see the expression for ZM (T, W)), which are all estimated in the same way.
Because of “'n is the M# component that decay slowest, let us control only
the terms which involve it, i.e.

/ OBy (W) 2
C(u';ug,u])

/ e P P 65 (W),
C(u';ug,u])

As far as the first integral is concerned, it can be estimated in the following
way:

11

[ mapsE < e[ e
C(u;[ug,u)) Oiluga]) 77
1 u/®

< ¢ — B(LoW)

W= Jowlugul) T

the first inequality following directly from the asymptotic behavior of (M)n
and the second inequality being true, by holding (1.3.16). Then:

= 3 L3
(u/6|:(1)(T7W>|2) < |u’|2Q’C (3.3.26)
that means

. _ c

| / SALW) - ETW)] < S0
V (u,u) u
c

S _QKy
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for ry sufficiently great.
To control the second integral of (3.3.25), recalling that

2T, W) = Qr[Mp: o] + Qr[Vpy; A]

we have to estimate the integrals

/C (D a(W) 2

(w's5[ug,u]) B
Lo O laov (33.27)
C(u';ug,u])

Let us study the second integral as an illustrative case. It is controlled in the

following way
uP
([ o)
C(u'3fugu)) "

1
( / u’ﬁl‘T)p4!2\ﬁ(W)\2>
C(u';[ug,u])
< —( / u"‘\ﬁ(ﬁoW)\z)
u /.
C(u' 7[2013])

C 1
< ~ oz

N |=

IA

To control the third integral of (3.3.25), let us recall the explicit expression
for ZG)(T, W):

=T, W) = Qrlos (1,1), q) + Qr(B; (K, A,0)Mq] + Qrl(p, 0);=27q]

Then we have to control the following integral terms:
[ M. L Pa)Plav)?
C(u5[ug,ul)
/C o AT, AT O PBIVE (3529
u/;ﬂo»f

[ REOQPw). o
C(u5[ug,u])

The terms having the worst asymptotic behavior are I(Tq), I((Mq), A(T)q),
that decay at null infinity like 5, so let us estimate the first integral, in
particular let us show we can control

/ (1), L) la(W)P.
C(u'5[ug,u])
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It is majored by:
6
c
o T rtla(LoW)P
O(u'sfug.u]) ™

and so

% C 1
( /C » Dr$|<f<%>,1<<T>q>>|2|a<w>|2) < Coi
w3 [ug,u.

w2
m
3.3.2 Estimate of fv(uﬁ)Q(ETW)WW;((K)WWKU_(‘S)
Proposition 3.3.2. In Kerr spacetime the following inequalities holds:
[ QWO R) < S0 (3329)
V(u,u)

Proof. For the complete explicit expression of the integrand, see [11],(6.2.27)-
(6.2.29).

All factors are cubic terms, quadratic in the null components of LW and
linear in ). Let us dlscuss the integral of terms that behave worst. They
are those one involving ®)n and p(ﬁTW) and Wlth the highest weight factor
T4+, exactly they are the integral relative to 73} E)p|a(LyW)|? and the one
relative to 74F)n|p(LyW)|2. As far as the first integral is concerned, we
obtain the following inequality:

/ (LW |n|<c/ du/ T+|a(£TW)]2 (R,
V(u,u) 'i[ug-ul)

< c(sup (K)Q> (sup/ T_?_|(X(£TW)|2) / du/ —/2 < —Qlc
K K JOWs[ug,ul) uo

For the estimate of the other integral, we proceed in the same way,

. 2 1 7’2
[tz Pl < e [Cau 5 ©nlr2 7t oL )
V(uu) uo Clu's[ugu]) -~
TQ(K) o 41 7 9 b 1 c
< clsup|="n| || sup T p(Lr W) du'— < — Q.
KT KO3 [ugul) w U T

]
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3.3.3 Estimate of [, . DivQ(LoW ) s,s( KPKTK?)

Recalling (3.1.11), it follows we have to control the following integrals:

/ TiD(O>W)444, / TiD(O,W)344
V(u,u) V(u,u)

/ TJQFTED(O,W)344, T_%_TED(O,W)?,?A (3.3.30)
V(u,u) V (u,u)

/ TfD(O,W)334, / TED(O,W)333.
V(u,u) V(u,u)

The most sensitive terms are the one which contain the factor T_‘,l_. Let us

estimate into details the fv(u " 73 D(O, W) a4, with the following

Proposition 3.3.3. The following inequalities hold true:

C
/ TiD(07W)444 < —0Qk
V(u,u) To

/ TLD(O, W) aaa| < EQ}C-

V (u,u) To

Proof:
/ TiD(O,W)444 = 4/ Ti()é(ﬁoW) : @(O, W)
V (u,u) V(u,u)

— 8/ mB(LoW) -Z(0,W). (3.3.31)
V(u,u)

As far as the first integral is concerned, using Schwartz inequality, we write

[ rtatzow)-o0,w)
V(u,u)

< (suplC/ Ti|oz(zioW)\2)
C(u's[ug,u])

u 2
/ ! </ “16(0, W)|2>
ug C(w's[ug,ul)
3

< cQ,’é/ du’Z(/ Tﬂ@(i)(O,W)F) (3.3.32)
uo C(u';[ug,u])

i=1

[
-

VI
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and analogously for the second integral, we obtain the following estimate

u 3
\/ L B(LoW)-E(0,W)] gchC/ du’Z(/ Tj|5<i>(o,W)|2) .
V(uw) ' C(u'3[ugu])

uo i=1
(3.3.33)
Let us discuss only the first term. The result is obtained by proving the next
lemma

N|—=

Lemma 3.3.1. In Kerr spacetime the following inequalities hold

1
2 1 1
([ alev@wr) < folts  mas
C(u'3fug,ul) ro ||
% 1 1
(/ r_”;|@<2>(T,W)|2> < EQ;% -
C (/3 ul) ro ||
% 1 1
( / Ti|@<3>(T,W)|2> < Zoz —. (3.3.35)
C (w3 [ug 1)) ro ||

Proof. We start by estimate the first integral, that is related to the J; part of
the current. From the explicit expression of @™ (O, W) and from proposition
2.5.1, it follows

2
OW O, W) < el sup|r?(19i, @4, O, Oy Oy (0)n)|> l4
— i Y ) Y —) Y — r
[(IWal® + lasl” + |aal* + [VOI" + [Ba]” + 8]
1
+ |(pa,00) + ¥, 0)* +1(ps, 05)°) + S (lal” + |8

(
+ |(p,o)])] + Lo.t.
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Therefore

=

(/C( [ ])Ti’@(l)(O’W)P) gC(S%p‘7«2((0)2'7(0)3"(O)m’(O)m7(O)n,(O)ﬂ)‘)
u’;[ug,u)

1
1 [/ GVl + s + ol + V8P + |84
W LS s [ug,u))

12

+ 1B + [(pa, o) [* + [V (p, )" + [(ps, 03) ") + %(IQIQ + 16+ 1(p,0) )]

1 N _
—/3[<Sup/ QLW (K, K, T, 64))
u K Jowslug,u)

1

b o(sw [ QUomE K Te) k0l (.0)
C(u';[uo,u])

N

IN

K
c 1

7“_0|u’|2

Q. (3.3.36)

IN

As far as the term related to the J, current is concerned, as @@ (T, W) has
the following form:

(T, W) = Qr[Vps; o] + Qr[V; 8] + Qr[ Ppas; (p, 0)),
then we write it in the following way

2

( / 0T, W>|2)
C(u';ug,ul)

< o o T OnPa(F + [ CBPSOVI+ [ piF WD)

-

2

All these terms have the same structure and they are estimated in an analo-
gous way. Let us show the boundedness of the piece with p(WW). Recalling the
proposition ??, and applying the Poincaré inequality to p — p, the following
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inequalities hold:

( / 41O, (o, a><W>|2)
C(u';[ug,u])

U 4
ol [T [ ] st (a0
ug ™SS ) K
1

N|=

IN

2

o[ mrlpom)R) +suprls
|u| C(u/;[ug,u)) K

1 N 2
< c| E (/ TiT2|p<£0W)|2>
u C (w3 [ug,u))

1 1
— 59k (3.3.38)

IN

<« Z_-
o |u)?

where we have also used the inequality (1.3.15) and the proposition 1.3.3

applied to Vp.
The part depending on ©® has the following decomposition:

090, ) = Qrla K(Vg)] + Qrlas A(V)] + Qrl: (1,1)(Vg)

from which

1
2
([ reoowe)
C(u';lug,u])
< ( / iy (PPN + AP Pla(W)P
3 [ Ul

1
2

L L D@ PP +10(©g) (o, o><w>|2) .

To estimate them, we recall the proposition 3.2.4 which tells us every J2 null
component, which we indicate now with F((9)q) satisfies the following L,
estimate on S(u,u), with p € [2,4]:

sup |2 F( V)5 < .
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The estimate of the various terms can be done in the same way. In particular,

is is easy to show they are majored by

c 1 1
- 2
o |u’|2Q’C’

so, also (3.3.35) is satisfied and it completes the proof of the boundedness of
]

Jortumy DIVQ(LOW ) ys (K KTK?).

3.3.4 Estimate of fv(uﬂ)Q(EAOW)amg((K)WW[_(VT‘S)
Proposition 3.3.4. In Kerr spacetime the following inequality holds

Ox. (3.3.39)

<
Om\w| 3

| QW )ums(Or T <
V(u,u)

Proof. The proof is a straightforward calculation, the result is obtained start-

ing from the identity
B PQULOW )aprs KT = Bl [72(Q(LOW )apas + Q(LoW apss)
(Q(‘&Ow)ablﬂ + Q(20W>ab33):| )

+ 72

by writing explicitly the various term of the integrand (see [?], (6.2.40)-
(6.2.43)). Let us discuss into details, one of these, in particular we want to

check the boundedness of

/V AW (20w i

Applying the Schwartz inequality, and recalling the decay of (¥ )i|, we obtain
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the following estimate

/V Ao la(ZoW) |

< ([ wtzowiriir) ([ stagcomyr)
V(u,u) V(u,u)
u logr - T (kY. :
([ [ [ gwp )
uo Cwiuyu]) T ogr
u . 3
( [ | Ti|a<cow>|2)
uo C(w';[u,,u])
1 T 72 > “ IO_TQ %
o0 (sup i) (s [ atipteow ) ([ a B
K 10g7“ K JCoW;[ug,ul) uo r
1

IN

IN

VAN

9}

\®)

A
VR
s~
© IS

QU

:\

|-

=
N—
]

< 9.
s
O
3.3.5 Estimate of fV(u,a) QLW )aprs(D TP KYK?)
Proposition 3.3.5. In Kerr spacetime the following estimate holds
/ 1Q(LoW ) aprs((Da P KTK?)| < TEQ,C. (3.3.40)
V(u,w) 0

The proof is very similar at the one precedent, with the employ of D
instead of ")z, Once decomposed the integrand in any various terms:

Q(‘&Ow)aﬁw((T)WaﬂKvK&) =
DrBLQLW )apaatt + 2Q(LOW )agasT>Ts * Q(LOW )apssT },

the estimates follows in the same way from proposition 2.5.3.

So we have completed the estimate of &, checking that it is bounded (in terms
of the Qx norms) and it is small in the external region of Kerr spacetime,
where r > rg.
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3.4 Estimate of ¢

To estimate the part of the norms involving two Lie derivatives of the Weyl
field W, we need some estimates about the behavior of 7 (given in the
proposition 5.2.1)and about the components of the currents J(S,W). Then
we give them in the following.

Proposition 3.4.1. From the explicit expression of ps, Spy and g, we
obtain the following estimates for any S C KC with p € [2,4]:

2

22

g sl <c
2_2

5oz Ppallps <c
_2

177 S allps < e

Proposition 3.4.2. The null components of the S current J3 satisfy the
following estimates for any S C K with p € [2,4]:

22
r°p

A((S)QHPS <c

log r

2
3

K <

_2
r e _
| - :((S)‘J”pﬁ <c

P (S g) s < ¢
2

;
| logrp@((S)q)|p’S sc¢
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and

92
CA(® <
logr—( Q)|p7S e

2

_EK (9)
logr_( 9)

2

rr
=((S)
|T =(

r

r

p,SSC

q)|ps <c

() <c

2—
|

o ’ti\to

r

CIR <c.
Then we need some decays for the Lie derivatives of null components of

the currents done with respect to O, in particular the following propositions
hold:

Proposition 3.4.3. Based on proposition (2.5.1) and on corollary (2.5.1),
the following estimates hold:

IN

3_. A
72 LoOps||  Locwnviuu) < ¢

AN
o

3_ A
72 Lopal|  Locwnvww) <
3_.4
r2 Lo all  Locwnvuu) < €

Proposition 3.4.4. The modified Lie derivative of the null components of

J3(O, W) made with respect to the rotation vector fields O satisfy the follow-
ing asymptotic estimates:

172" LoO( Vgl zacrunviway < ¢
P57 LoA( Q)| |y < ¢
113 LoK(g) | atcnvuay < ¢
15~ LoT (V) |racwnvimy < ¢

)
3_cn =
172~ LoZE( V)| Lacwnv (wuy) < ¢

For the underlined quantities hold the same inequalities.



3.5. THE ERROR TERM e, 85

3.5 The error term ¢,

& collects the error terms associated with the integrals Qs and Q,, in par-
ticular:

E(uu) = /V L DIQ(E L) s (KRR
+ [ DQUW(RPRT)
V(u,u)

+ / DivQ(LsLrW)gys(KPKYK?)
V(u,u)

3 A _ _

+§/ Q(ﬁo,CTW)a/gms((K)ﬂ'aﬁKvKé)
V(u,u)

3

+§ / Q(zszTW)ag'ya((k)ﬂ'aﬁk’yké)
V(u,u)

T / QUL W )apna(Fr P KOT)
V(u,u)

1 ~2 o
+5 / ( )Q(ﬁOW)aW(”)waﬁKvKﬁ).
V(u,u

Remark 3.5.1. As far as the study of & is concerned, we note it is decom-
posed in many terms, but lots of them can be treated as like the corresponding
ones in the previous section.

First of all, given X, Y two vector fields on T'M, let us define the following
quantity:

1
JX, Y, W) =JYX,Y; W)+ 5(Jl(X, YViW)+ (XY W)+ (X, Y; W),

(3.5.41)
where

( ) = LxJ(Y;W)

( ) = JUX;LyW)

JHX,Y;W) = JA(X; Ly W) (3.5.42)
( ) = X LyW).
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On a correspondence with (3.5.41), its null components O(X,Y; W), ... E(X,Y; W)
have the following structure:

F(X,Y;W)=F'(X,Y; W)+%(F1(X,Y; W)+F*(X,Y; W)+ F*(X,Y; W))
and
FUX,)Y ;W) = % [LxFYY ;W) + L F2(Y; W) + Lx F3(Y,W)]. (3.5.43)

After, by a straightforward calculation, the following decomposition for
DivQ(Lx, LyW) results to be true (see [Ch-Kl], propositions 7.1.1, 7.1.2),

DivQ(LxLyW)sys = (LxLyW)s's J(X,Y W) + (LxLyW)s"
JOXY W) + (Lx, Y W) T(X, Y, W)
+ (LxLy)s", J(X, VW)

where J(X,Y; W) is defined by (3.5.41), (3.5.42). These new quantities shall
intervene in the estimate of the terms involving the divergence, choosing X, Y
between {O, T, S} suitably.

pyv

(3.5.44)

pov?

3.5.1 Estimate of fV(ua) DivQ(LLW) g,5(KPKT?)

Recalling the equation (3.1.9), it follows
. %2 [ % 1
DivQ(LW)(K, K, T) = gTi (D(O, O;W)aas + D(O, 0; W)344)

1
+ ZT_ZJE (D(O,0;W)gas + D(O,0; W )334)
1
+ ng (D(O,0;W)s34 + D(O,0; W)333),
where these last ones are expressed in appendix (see (3.6.53)), with X =Y =

O. Posing in (3.5.44) X =Y = O, it follows we have to control the following
integrals:

/ TiD(Q O; W) g4, / TiD(O, O; W)z
V(u,u) V(u,u)

/ TirED(O,O;W)334,/ 7 D(0, 0; W )333. (3.5.45)
V(u,u) V(u,u)
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The most sensitive terms are the one containing the factor T_‘f_. Let us estimate
the first one,

1

/ D(0,0; W)y = —/ Ha(LoW) - 0(0,0,W)
V(u) 2 Jviuw

) _
- /( )Tﬁﬁ(ﬁOW)-:(O,O; W).
V(u,u

It holds the following

Proposition 3.5.1. In Kerr spacetime, the following inequalities hold:

/ Ha(LLW) - 0(0,0: W)\ < “o
V(u,u)

To

/ T E(O,o;m\ <o

To

Proof. As far as the first integral is concerned, let us observe the terms
associated with J*(O,0; W) for i = 1,2, 3 are estimated exactly as the cor-
responding terms of proposition 3.3.3 by substituting W with EOW.

We still have to control

/ Ha(LoW) - 0°0,0;W) =
V(u,u)

-
1 (/ A

= E T LoO'(O; W))
2 i=1 V(u,u) i

L660%(0; W) has the following expression:

30(?2(0; W) = Qr(Lo'Vps, a(W)] + Qr(Loy; AW+ Qr[‘ps; Loa(W)]
Qr(Lops; (p, ) (W)] + Qr[O%; LoB(W)] + Qr[©py; Lo(p, o) (W)).

As far as the ©%(O; W) term is concerned, let us estimate the following terms
~92 ~
/V( )Tia(EOW)Qr[EO(O)py,;a(W)]

/V | TalZoW)QrlLo s SV (3.5.46)



38 CHAPTER 3. THE ERROR ESTIMATE

that are the most complicated. We control the second one in the following
way: by applying the Schwartz inequality,

| ra@owiarito s s < [ rHaEom)IZoa(v)
V(u,u) V(uu)

LNl A :
< ( / riwa(cow) ( / Ti"wo%?w(wn?) ,
V(u,u) V (u,u)

with v + 0 = 4. The first factor satisfies the inequality

([ laomp) <o,
V(u,u)

if and only if 2y < 3. In fact

[ laow / aul / 2ala(L5W)P
V(u,g) u;[ug,ul)

v 1
< / du/ /—(sup/ Tj‘_|0z(£OW)|2> < cQ,.
uo 4—2y C (w;[ug,u))

As far as the second factor is concerned, it holds the following inequality:

A 7 _ —20 A
[ solko®up < uitamnR) [z
V(u,u) K V(u,u)

< CQIC/ 7.;(7—20)|£O(O)¢|2
V(u,u)

u a 1 6—20+¢
CQIC/ dU/ +e </ & 3 )
U u C(u';lug,u]) r
u 1 —(2—¢ Cc
S CQK:/ ullJre (/ T+( )) S ’I“_,
C(w;[uo,ul) 0

the last inequality due to the fact that 20 > 5. The first integral in (3.5.46)
is controlled in the same way, so we do not report it here. The contribution
of Qr[ﬁo )p4; (p, 0)] is easier to treat, so we don’t discuss it. Also the other
terms present in the expression of 2092(0,W) turn out to be easier to
control. So we have only to estimate the terms associated with Lo©3(O; W).
From the expression of ©3(0, W) given in appendix (see (3.6.49)), we need

N|=

IA
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the estimates of the null components of (©)¢, furnished by the proposition
3.4.4. Lookmg at it we note the Lo(C(u; [ug, u])) norm of the null components

of Lo© )q decay in the same manner, that is 7‘_(%_6), so let us check only the
term with p(WW):

/V Tl EWQrEoT (V) (V)

This integral is estimated in the same way as the previous one, i.e. posing
oc+vy=4

/  rhalEoW)QrEo (V) oV

a(ZoW)? % FlWPILoI (V)
(o re@mr) ([, )

;< ) ; / 7__%_076+1+6 1
< Qi (sup [rP(o— ) +|ral? Q/dg (/ —)
V(uu) e \Jewiuowy TP

c
< —0Qk
To

IA

if and only if 5 < 20 <7 —e.
The terms involving ©! have a better decay, so we do not treat them here. [J

3.5.2 Estimate of fV Dva(ﬁoﬁTW)gwg(KﬂKVK‘s)

Posing in (3.5.44) X = O,Y =T, and recalling (5.3.26), we note the terms
associated with the current J'(O; L) we have to analyze are the same as
those of

/ DivQ(LoW ) ,s(KPKYT?)
V(u,u)

with LoW replaced by LoLrW and JH(O, W) replaced by J*(O; Ly W). So
we have to consider the following integrals

/ Tﬁa(.&oZTW) -0Y0; LrW)
V(u,u)

/ TS B(LoLrW) - ZX(O; LrW)
V(u,u)
(3.5.47)
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The main difference with respect to the proposition 3.3.3 is that the Weyl
null components present in ©'(0; £L7W) and in Z'(0; LyW) involve terms
of the form PsDsW, P DWW, D, W, D, D, W1 So we have to control the
following integrals:

/ du/ / r6|lDTa(zTW) |2

uo C(w's[ug,u])

[ae [ D)
Yo C(w';uo,ul)

The terms associated with J2(O; Ly W) and J3(O; LyW) don’t present
any second derivatives of W, so they are treated in the same way as
fv , Div@ (LoW)gys(K ﬁK YT?) with the obvious modifications.
Fmally, we have to prove the boundedness and the smallness of the terms
associated with Lo J(T; W), that are:

/V L TalZoLrW)(Eo M ps)a ()
/V  THolZoEr W) (£ T HHW)

/( )T_?_Q(ZOETW)(Z:O(T)p4)(p7 o)(W).
V(u,u

Their estimates are proved in the following proposition.

Proposition 3.5.2. In Kerr spacetime the following inequalities hold for a
Weyl field W that satisfies Bianchi equations:

[ wtatolew)EoMp)a)

V(u,u)

[ statotamzo™ o) (3.5.48)
V(u,u)

/ TEQ(EOZ:TW)@O(T)M)(P, a)(W).
V(u,u)

In particular the terms ID,]D,a and D33a are present, but they don’t appear in
Bianchi equations. We recall for these terms the equation (?7).
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Proof. The first term is the more delicate one. Recalling equation (1.3.15),
and applying Schwartz inequality it follows that

/( )Tﬁa(ﬁoﬁTW)(ﬁo(T)ps)a(W)' < C/ du!’ (/C( [ ])u’Gla(ﬁoﬁTW)P)
V(uu uo N

[NIES

(/ E%W%m“wﬂvﬁbﬁﬂwwwﬁ
C(u';ug,ul)

1 uw 1
ccoi [ ([ Empptiaonr)
u U C (u/s[ug )
[ L (Dl + 1poa sV pslas) )
w2 . T ps p=2,8 P3lp=2,s
uQ C(u5[ug,u]) '+

3
< erg 9,

D=

7
s<wpﬁww®
V(u,u)
1

since proposition 3.2.2 holds. This completes the proof. ]

3.5.3 Estimate of [, ., DivQ(LsLrW)p,5( KPKVK?)
This time we have to study the terms involving
J(T,S; W) = JUT,S; W) + %(Jl(T, S;W) + JX(T,S; W) + JX(T, S; W)).

Proceeding as in subsection 3.5.1, we have to control

/ T—?—‘D(Ta Sv W)4447 / T_Z;L_TED(T7 S, W)344
V(u,u) V (u,u)

/ TiTéD(T, S, W>334, / TED(T7 S; W>333-
V(u,u) V (u,u)

Let us examine only the first. Since

3.5.4 Estimate of the remaining terms

As far as the other terms of & are concerned, it suffices to observe that they
are treated as the terms present in &, with the obvious substitutions.
In fact:

b/ QUL W )as(Fr BT
V(u,u)
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is treated as

/ QLW )as(Fr BT
V(u,u)

and it is estimated by Qs instead of Q.
The term

| QUEWans(Dr R
V(u,u)

is of the same form of
| QoW )as(Vm RO
V (u,u)

by substituting Q; with Q.
The term

/ Q(LOLIW ) apys (7P KT K?)
V(u,u)

is estimated in the same way as
/ QLW )apns (P KT,
V(u,u)

The final result is the same with the obvious substitutions of the factors 9,
The estimate of the integral

/ Q(LLW ) aprs (P 7P K7 KO
V(u,u)

is made exactly in the same way as the estimate of

A

/ QW )aps(On? KT
V(u,u)

with the substitutions of Q; with Qs.
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3.6 Appendix

3.6.1 Null components of J(X, W)

The explicit expressions of the components of J(X, W) are

=X, W) Qr[Ni; Yol + Qr[m; au] = Qr[m; ay]
Qr(®m, w5] = Qr(™j: Bu] + Qr[Mn; 5]
terT[(X)m; a] + trx (Qr[MIm; o]

Qr[ In: ﬁ]) + l.o.t.

Qr[XMm; Va] + Qr[®n; ay] + Qr[X)j; as)

Qr[XMi; Ya] + Qr(Mm; B] + Qr[XIm; 3]

Qr[m; Y(p, 0)] + QT[(X) (p1,04)] + Qr[™n; (ps, o3)]
trx( [ a] + Qr[Wm; ]) + trx (Qr[Nj; al
(X
(

+ o+

O(JN (X, W)

+ o+

Qr(®m; 8] + Qr[Fn; (p, 0)]) + Lo.t.
QUi WAl + Qr[m; Ba] + Qr(Mms By]

[X)m Y(p,o)] + Qr[(X) (pa,04)] + QT[(X)”; (p3, 03)]
terr[(X m; 3] = trz(Qr[(X m; 8] + Qr[®n; (p, o)]) + Lo.t.
Qr™i, Y5 + Qr[®m; 6] + Qr[m; 5y
QT[(X)W Y(p,0)] = QT[(X)j; (P, 04)] + QT[(X)n3 (p3,03)]
trxQr[m; 5] + trx(Qr[(X)m; B] + Qr[Fn; (p, 0)]) + lo.t.
Qr(Mm; V6] + Qr[n; Ba) + Qr[N); 5]

Q{0 Y9 + Qr{ms (100 + @r{ I 1 00)
trx (@[ 8] + Qr[m; (p, o))
trx@r[(x)m; (p,0)] + lo.t.

AJTH (X, W)

K(JYHY(X, W)

o+ + o+

I(JH (X, W)

+ + +
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ZUNX W) = Qr[WiVa] + Qr(Mm; a,] = Qr(FIm; as]
Qr(m, Y] = Qr[n; 8] + Qr[; 8]
trxQr[ I m; o] + trx (Qr[m; o
Qr[(X)n' ﬁ]) +l.o.t.

Qr[™m; Yal + Qr[™n; as] + Qr(Nj; )]

Qrli Y] + Qr(m; ] + Q[ m; 4]

Qr[) W( o)] + Q”’[ 73 (3, 03)] + Qr[n; (pa, 04)]

trx (Qr[%)n; ]+Q7“[ ﬁ])Htrx(Q?"[ ji o

Qr[Mm; B + Qr(Mn; (p, 0)]) + Lo.t.
Qr[Mi ,Wé] +Qr[*¥ m;_4] +Qr[Mm; B,]
Qr[Mm; V(p, o)) + Qr[™Nj; (ps, 03)] + Qr[ s (pa, 04)]
terr[(X)m;ﬁ] + trX(Qr[ m; B3] + Qr[“n; (p ,0)]) + Lo.t.
Qr[Mi, V8] + Qr(Mm; my] + Qr[FIm; 8]
Qr(Mm; Y(p,0)] = Qr[Nj; (ps, 03)] + Q[ [n); (pa, 04)]
terr[(X)m;ﬁ] + trX(Qr[(X)m; Bl + Qr[Xn; (p, o)]) + Lo.t.
Qr[NMm; V5] + Qr[n; 8] + Qr[Nj; 8]
Qr(™Mi; Y(p, 0)] + Qrlm; (pa, 04)] + Qr[FIm; (ps, 03)]
try (Qr[ % n; 8] + Qr[(X)m; (p, 0)])
terr[(X)m; (p,0)] + lo.t.

+ + +

() (X, W)

+ 4+ + o+

AHX, W)

+ +

K(J)(X, W)

-+

I(J) (X, W)

- -

Remark 3.6.1. Qr/ ; ] is a generic notation for any quadratic form with
coefficients depending only on the induced metric and area form of S(u,u),
the terms which we denote with l.o.t. are cubic with respect to the connection
coefficients and are linear with reqard to each of them separately. They have
an order of decay along the null outgoing hypersurfaces that is lower than the
one of all other terms. Hereafter we will disregard them.
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The null decomposition of J? is given by

()X W) = Qr[g;a] + Qr[Mps; ]

O (X, W) = Qr[Fpsial + Qr[¥; 8] + Qr[*
AYX W) = Qr[N; 8]+ Qr[Mpa; (p, )]
K(J)(X, W) = Qr[%%; 8] + Qr[ps; (p, 0)]
I(J)(X, W) = r[<X ps: B + Qr[¥; (p, 0)]
EX W) = Qr[MPia] + Qr[Mps; 4]
()X, W) = Qr[Fpsa] + Qr[Vp; 8] + Qr[X
AX, W) = Qr[Ip: 8]+ Qr[Mps; (p, o))
KX, W) = Qe[ 8]+ Qr[Mps; (p, 0)]
L)X W) = Qr[Fps; 8]+ Qr[p: (p, o).

The null decomposition of J? is given by

EIHX, W) = I
()X, W) = Qrla; (A, K)(Mq)]

+Qr(; (1, (M) + Qrl(p, 0); 0(NMg)]
AN X W) = Qrla; O ))]+Qr[ﬁ =(Mq))

+Qr((p, 0) (K, A)(Mg)]
K(P) (X, W) = Qrla; 0% )]+Qr[ﬁ =(Mq))

+Qrl(p,0); (K, A)(q)]

95

p4aﬁ]

'ps; (p, o))

Qrla; (I, (% )] +Qr(B; (K, A, 0)(Nq)] + Qr((p, 0); Z(Mq)]

(3.6.49)

L)X, W) = Qrlp; (K, A,0)(M)] +Qrl(p,0); (1, 1)(Mq)]

+Qr[3; (K, A, ©)(Mq)] + Qrla; 2(Mq))]
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(Mg)] (3.6.50)

where the null components of ()¢ are expressed in the following way:

AXg) = %l(Dg(X)TL + 40 — 4y - Sm)
_ }1(D4(X)j “ 9y X ¢ §<X)p4
K = 57, %my — ¥, ma) + (¢ Fmy — 6Om,)
- §(>2acicb — Xbclica)
=(Mg), = %D4(X)ma _ %WQ(X)H _ %Qamn i,
+ %trX(X)ma + Xae X m, (3.6.51)

1 1 1
I(Mg), = §D4(X)ma _ —WQ(X)j + W(X)ma + ZtrX(X)ma

1 1 L1 1 3
1o X) i, v O, — Zp X 4 200
+ X m+4rx 5Xue Sl tea T 5 Pa

O(g)w = (12)4( o — —5abtr ) ( Sy + Y, m, — 5ab770(X)mc)

- 2 (Qa(X)mb + ﬂb(X)ma B 5abﬂc 0 mc> - (CG(X)mb + Cb(X)ma

- 5ach(X)mc) + 6 iy + Xap (0 + ) + Xab(X)m
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1
A™g) = 2(D,Mn + 40 — - Om)
1 , 2
= (D) =27 m) + 20,

1 1
E®qa = 5V, my =7, m,) = 5 (G m, = ¢Hm,)

.. .
o §(Xac%b_xbclca)
EWg)e = %Dz(X)ma - %Wa(x’ﬂ - %na(X)ﬂ +w®m,
1
+ §trX(X)m + X, (X)m (3.6.52)
1 1
[(Mg. = 5Ds%m ——W wmy + o m
1 1 1 1 3
o 0 Sty X) Xy — Zp (X)L 20
oGNS Xae T Me = Sl ea + 5 Ba

. 1 .
O = 2( DM~ Joutr ) ) — (7, + 9, %, — 67, Y, )
—- 2 (m‘x)mb + S m, — 6. Om, ) (Ca my, + ¢ m,
-—5wymmg+m@@mw+&gwmrﬂmﬁ+xwmm.

3.6.2 Explicit expression of DiVQ(ﬁXﬁyW)

Let X,Y two vector fields in T'M, then substituting X in place of T in
(3.1.10), we find the following identities hold:

D(X,Y; W) = 4a(LoW)-O(X,Y; W) — 88(LxLyW) - Z(X,Y; W)
D(X,Y, W)y = Sp(LoW)AX,Y; W) + 8o(LxLyW)K(X,Y; W)
+ 8B(LxLyW) - I(X,Y; W)
D(O,0;W)sss = 8p(LxLyW)IAX,Y; W) —80(LxLyW)K (X, Y3BH3)
— 88(LoWV) - 1(0,0;W)
DX,Y:W)ss = da(LxLy W) O(X,Y;W) +85(LeW) - Z(X, Y W).
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Chapter 4

The Peeling theorem

4.1 Proof of the theorem (1.2.1)

In the previous chapter, we proved the norms defined from the Bel-Robinson
tensor of a Weyl field W (see (1.4.19)), are bounded in terms of the initial
data norms. Now we are showing how this fact is related to the asymptotic
behavior of the null components of W, in particular we are going to demon-
strate the theorem 1.2.1, enunciated in the second chapter.

Let us recall it:

Theorem 4.1.1. Let W be a Weyl field in a spacetime with assigned metric
of Kerr, that satisfies the 2-spin and zero-rest mass field equations

DFW e = 0.

Let us suppose W null components for t fixed decay like T_(%), all except
p(W), which behaves as r=3.

Then the null components of W have the following asymptotic behavior along
the future null infinity

suprilal < G, supri|8] < Cy
K K
1
supr’lpl < Co. suprlul|(p = p,0)| < Co (4.1.1)
SUP7’2|U|35 < Cy, SUPT|U|%|Q| < Cy,
K - K
where Cy is a constant that depends on the initial data.
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Proof. In order to find the right estimates for null components of the ten-
sor field W, we need proposition 1.3.2. In particular, let us start with the
asymptotic behavior of «(WW). Posing in (1.3.13) F = r?a(W), we obtain
the following Sobolev estimate:

o (i) < ([ e (f  pwar)!

S(u,u) S(uo,u)

b ([ PR R
C(u/;[uo,ul)

TR+ TP )|

1 1
c{(/ r?lal*) ") + (/ rrtValt)t
S(uo,u) S(ug,u)
+ </ raf? 4+ 79 Val? + rf | Dsal?
C(u';[uo,u])

IN

+r8|W2a|2—I—T4|Y7a| —|—r8|Y71D30z|2) 2]. (4.1.2)

The integrals in r.h.s. are shown to be bounded by the Q. norms, using the
same techniques as in [8], (cap.5), provided that [r3a(W)|4 s(ue.w) 1S bounded,
together with the norm [r*Vo(W)|s 5w In fact the integral terms are
in substance L, norms on the ingoing null hypersurfaces and, as we have
remarked in chapter 1, section 1.3, the norms we are building was chosen in
a suitable way just to control them. In particular the tangential derivatives
of a at the first order are estimated by the Q, norms, recalling (1.3.15),
(1.3.16) hold, while D3« is controlled with the use of the Bianchi equation
as along the null ingoing cones, i.e. recalling that

ag = Dya + trya = V&L + [dwa — 3(Xp + *Xo) + (¢ + 4n) 0]

it follows to estimate [i,.p, . 7°Pse?, we have to control the following:

/ AL e e Ot R R
C(u';[uo,u

Then to control a(W) we have to control the norms Lo(C(u'; [ug,u])) of
VB(W) and of p(W), (W) that are estimated by the Q, norms. As far as
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the terms WQa and YD« are concerned, they are estimated in an analogous
way with the help of the @, norms.

Let us make a last remark: we have used the Sobolev estimate on the
incoming null cones because an evolution equation for a along outgoing
null cones doesn’t exist. For an analogous reason, in order to estimate

5
SUDg () |72 (W)| we have to substitute F' with 72 in the inequality (1.3.12),
so one have to study the integral of a, along the null outgoing cones. More
precisely, provided that the L, norms on S of the initial data of a(WW') decay
5
2

as 2T , we have to control the following integral

( [ el rrval i Pual
C(u;[]ug,u)

1
2
+rirt Yol + 7“279!7712)4@\2>

and actually every term in the sum is controlled by the Qx norms.

The null component 3(W) is shown to satisfy the prescribed decay by posing
in (1.3.11) (or equivalently in (1.3.13)) F = 7?3, while the decays of p,o
are estimated studying the equation (1.3.12) (or equivalently (1.3.14)) with
F=1%p,r%o. O]

4.2 Definition of the modified energy norms

As we have already seen, with the previous techniques, the asymptotic be-
havior we are able to find for the null components of W is not in agreement
with the one prescribed by the Peeling theorem. A way to improve the decay
of the null components could be insert in the energy norms a weight fac-
tor with a power of 7% that allows a better asymptotic behavior of W null
components of the type 7':%, and later on such an improved decay can be
transformed in a better decay in r, by making use of the Bianchi equations
along the incoming null cones. But, provided that null components of W on
Yo are in agreement with the initial null components of the Kerr curvature
tensor, it follows the norms builded in such a way don’t be bounded on the
initial hypersurface.

The main difficult is given by the null component p(W), that in the case
of Kerr spacetime, it contains the angular momentum J term, which is not
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zero. Moreover the crucial fact is that J is not spherically symmetric, so even
if we study p — p, we can’t exclude it.

Remark 4.2.1. In the case of Schwarzschild spacetime, this problem doesn’t
appear, because even if a linear momentum of dipole is present, it is spheri-
cally symmetric, so, considering p— p, its “bad” contribute is eliminated (see

[8])-

However, it is conjectured that the Kerr spacetime is asymptotically sim-
ple (see definition 0.1.3), then the null components of an external Weyl field
that propagates itself in the background Kerr spacetime, even if they have
initial data according with the initial data of the Weyl tensor of the Kerr
spacetime, has to satisfy the peeling decays. One way to solve this problem
would be to eliminate the part containing the angular momentum. This can
be done, making some geometrical considerations about the nature of the
Kerr spacetime. Let us recall it is static, that means it does’nt depend on
the time, and so every its peculiar quantities is time-independent. In partic-
ular the Riemann tensor of the Kerr spacetime is time-independent, then its
conformal part W is it, then we are saying that null components of the Weyl
field of the Kerr spacetime are static. With this in mind, recalling we are
studying the linearized problem of the global solutions of Einstein equations,
with initial data near to the Kerr spacetime, when W is an external Weyl field
on Kerr spacetime, and we want it simulates the non linear problem, we can
suppose W is shaped by an independent-time part and one time-depending:

W = WwEern L 5w, (4.2.3)

where W e is the static part, and it will just coincide with the Weyl tensor
of the Kerr spacetime, while we indicate with 6\W the non static part.
Then, let us consider the following tensor field:

VN[/ = ﬁTOI/V,

where Tj is the Killing vector field generating time symmetries and let us
observe the following fact holds true:

If W is a solution of Bianchi equations, then ﬁToW is a solution too.

This is due to the fact Ty commutes with the null frame’s vector fields, then

. 0
£To W,uypa = awuupcru



4.2. DEFINITION OF THE MODIFIED ENERGY NORMS 103

and so it follows that

D#(Z"TOW)HVPU = Dﬂ(_ DMWMVPU) = 0.

Then, let us define a new family of integral norms, builded from ZW)

Qi (u,u) = / QLW (K, K, K, ey)
C(u)NV (u,u)
+/ QLW (K, K, T, ey)
(w)NV (u,u)
(e = [ QLo LW (K, K, K )
C(u)NV (u,u)

+/ QLW (K, K, T, e4) (4.2.4)
(w)NV (u,u)

+ / QL L WYKL K LK e)
C(u)NV (u,u)

0 (uu) = / QL) (K, K, K e3)
C(uw)NV (u,u)

+/ QLW (K, K, T, e3)
(w)NV (u,u)

O (uu) = / QLo L W) (K, K, K, e5)
C )NV (u,u)
+ / QLW ) (K, K, T, e3) (4.2.5)
(w)NV (u,u)

+ / QL LW (K, KL K e3)
(w)NV (u,u)
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and

leOm/(u,u) = / () Ti—i—EQ(Z:TW)(Ku Ku Ku T)
YoNV (u,u
+ / T QLOW) (K, K, T, T) (4.2.6)
SNV (u,u)
Drsyviun = T QUERL WK KR, T)
YoNV(u,u

_|_

/ PQUELW)(K, K, T,T)
30NV (u,u)

+/ QLS LW K, K, K, T). (4.2.7)
SNV (u,u)

Remark 4.2.2. In order to show these new norms on the null hypersurfaces
C(u),C(u) are estimated in terms of the same norms on the initial hypersur-
face X, we have to prove the error term e(u,u) is bounded (with the same
estimate found in chapter 3, (3.1.6)).

Substantially we have to reproduce the same estimates of the previous chapter
with these new family of norms. Let’s us note we don’t need to make all steps
again, but we only emphasize the differences.

First we define the 1-form

D _5+e
P,=71""P,,

where P, is as in (1.1.6). Then

DivP = DivQy.s XY Z° + div(r°t€ s X2y 70 4.2.8
By By
1
+ 5Qama((X)Waﬁyvzé 4+ MgovxBys (Z)Waéxﬁy'y)'

The term div(TEJ“Q)[MXBY”Z‘s s not a problem in the estimate of the error
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because it is shown it is negative, then by Stokes’ theorem, it follows that:

/ HQUVY(X,Y, Zyes) + / PHQW(X, Y, Z,e4)
C(w)NV (u,u)

C(u)NV (u,u)
— / QW) (XY, Z,T)
SNV (u,u)
. 1
= / PHDIvQ(W)s,s XY Z° + 5Qaﬂ”é(W)(<X>WY725
V(u,u)
+m0pY, Zs + Do X, Y5)]
G4 [ QINXY.Z e
V(u,w)
Then the last term can be ignored, so we have only to consider T°™°DivP.
Let’s note that the error term with this extra factor is harmless because
of it is automatically absorbed in the definition of the Q mnorms. Let us
make an example to show this last fact. Consider the corresponding of

fv(u » Q(ETW)O&[;V(;((R)WWI_(U_(‘S), then we have to prove the following propo-
sition holds:

Proposition 4.2.1. In Kerr spacetime the following inequalities holds:

/ T QUL )asns (O KTRD)| < = Oy (4.2.10)
V(u,u) r

Proof. For the complete explicit expression of the integrand, see [11, ?](6.2.27)-

(6.2.29).

All factors are cubic terms, quadratic in the null components of zTW and
linear in 7. Let us discuss the integral of terms that behave worst. They
are those one 1nvolv1ng (®)p and p(L’TW) and with the highest weight factor
7y, exactly they are the integral relative to 727} 4B p|a(LyW)|? and the one
relative to 72F 7K n| p(LrW)[2. As far as the ﬁrst integral is concerned, we
obtain the following inequality:

/ 5+e 4’04(£TW ‘n| <C/ du/ 5+e G‘Od(ﬁTW)’Q K@|
V(uu 5[ugul)

u 1 B
< c(sup(K)ﬂ) (sup/ Tote 6|a(£TW)|2>/ alu/—/2 < £Q,c.
K Ko@) w W70

(4.2.9)
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For the estimate of the other integral, we proceed in the same way,

1 2 2 .
L et < [Ca [ D|ri+{—2<K>n|ﬁTf|p<£Tw>|2
V(u, Ug;

12
uo U

r? ) ;1
< c(sup|—2(K)nl> (sup/ ot 4‘IO<£TW>’ )/ du'— < — Q’C-
K TZ K JC(/5[ug,ul) uo u To

]

It remains to show that the on are bounded. As far as we have previously
seen, if we simply consider ng (W], with W mimics the asymptotic behavior
of Wkern) " e don’t find this boundedness. But, in considering ETOW we
forgot the static part (including the Kerr part of W that we have indicated
Wkerr) ) “and so it suffices that initial data of ETO null components decay at

spacelike null infinity as =09 to have the boundedness of the Q norms on
Yo.

4.3 Proof of the Peeling theorem for ﬁTOW

With the help of the new family of energy norms, we are able to prove the
Peeling theorem for the null components of a zero-rest mass field of spin 2
propagating on the Kerr spacetime holds:

Theorem 4.3.1 (Peeling Theorem). Let W be a tensor field with spin 2
that satisfies the null mass equations in Kerr spacetime. Let us suppose any
null component of LoW calculated on X decay like r—(6+9).

Then W null components satisfy the following peeling decays

s%pr5|u|el|a| < Cy, s%pr4|u|1+€,|ﬁ| <Oy
S%pri”!p! < Cy, supr®|ul**|o| < Gy (4.3.11)

sup 7 [ul** 8 < Gy, suprlu**lal < Co,
K - K

with € = %e and Cy a constant depending on the initial data.



Chapter 5

The Schwarzschild spacetime

In this chapter we study the asymptotic behavior of the solutions of Maxwell
equations in the empty external Schwarzschild spacetime. The aim of this
last part of the work is to show that, with the help of a family of integral
norms associated to the stress-energy tensor of the electromagnetic field (the
analogous of the Q and Q norms that in Kerr spacetime allowed us to prove
the Peeling theorem is satisfied for an external Weyl field), we can demon-
strate under what hypothesis on the 2TOO initial data, the Maxwell tensor
propagating itself in Schwarzschild spacetime (supposed as a background
space)satisfies the Peeling theorem.

5.1 Most important quantities of Schwarzschild
spacetime

Schwarzschild spacetime describes the metric corresponding to the exterior
gravitational field of a static, spherically symmetric body.
In spherical coordinates (¢, 7,6, ¢) the Schwarzschild metric has the following
form:
2M 2M
ds* = —(1 — ==)dt* + (1 — =) *dr* + r*(df? + sin® 0d¢?)
r r

where M is the gravitational mass and the S.U. is chosen requiring that

c =G = 1. At a first sight, this metric seems to have two singularities:
when r = 0 and when r = 2M. Really the true curvature singularity is only
for r = 0, while, for r = 2M, there is only a failure of coordinates to properly
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cover a region of the spacetime. We do not analyze the problem in detail
because in the following we will be interested in the region r > 2M, called
Schwarzschild external spacetime.

As well as Kerr spacetime, also the external Schwarzschild spacetime can be
foliated with a double null foliation

Cu) = {p € Mlu(p) = uiC(u){p € Mlu(p) = u}

and the optical functions u, u are:

where:

=1+ 2Mlog(ﬁ —1)

is the radius parameter of the metric.
Let us define the following scalar function: ®2 = (1 —
fields tangent to the null geodesics are

2M) " then the vector

o 0 o)
L = 72—+ —=20"7"—

ot " or u

o 0 0
L = 2= — — =22,
- ot Or ou

Moreover g(L,L) = —2®~2. Starting from the null vector fields L and L, we
can find a null couple e3, e4, defined in the following way

0

— PL=20""

64 ag?
0

= OL=20""1—.

“ - ou

One can easily prove that these vector fields satisfy the relations:

9(63, 63) = 9(64,64) =0, 9(63764) = —2.

Adding to (es, e4)the orthonormal vector fields

10
L0 (5.1.2)

€ = rsinf dg’



5.2. KILLING AND PSEUDO-KILLING VECTOR FIELDS 109

we obtain a null frame relative to the foliation as in (1.1.5). Starting from
the double null foliation we can define the 2-dimensional spacelike surfaces:

S(u,u) = Cu) N C(u)

which generate a 2-dimensional foliation of the spacetime.
Besides another foliation is given by the spacelike hypersurfaces:

¥ = {p € M|t(p) =t}

and S(u,u) = S(u,t) =X, NC(u).

5.2 Killing and pseudo-Killing vector fields

As far as Schwarzschild spacetime isometries are concerned, because of it
is static, they are the diffeomorphisms associated to timelike translations,
and, because of it is spherically symmetric, they are the elements of SO(3).
Killing vector fields of Schwarzschid spacetime are: first, the generator of
time translations

second, the generators of the Lorenz spatial rotations:

. 0 0
(O P S S
O= "o " g

Together with them let us introduce the pseudo-Killing vector fields, i.e. the

analogous of the vector fields (2.4.26) of the Kerr spacetime. They are defined
in the following way:

Ko = 2tS+ (r —tH)T.
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Now we can express Ty, S, Ky and K = Ty + K in terms of es, ey in the
following way:

T, — %(644—63) (5.2.3)
S = %(ge4+ue3) (5.2.4)
Ky — %(g264+u263) (5.2.5)
K = %(ﬁeﬁﬁeg), (5.2.6)

where 7 = 1+ (r.+t)2

At last, we consider the connection coefficients of Schwarzschild spacetime.
It is easy to show that thanks to its symmetry properties the only nonzero
are:

1 ) 1 )
Xab — _6athX - 5ab_7 X, = _5athX - _5ab_
2 r’ =ab 9 = r
2
try = —trxy = —¢
= T
1 M
= ——D,n®=--""- 2.
w 5 Daln s (5.2.7)
1 M
= —D3lnd = —.
= 973 . 42

These coefficients satisfy manifold’ s structure equations.

Let us give in the following the asymptotic behavior of deformation ten-
sors null components that we will need to estimate the error terms.
Recalling the general expressions relative to )4 given by (2.5.39) and (2.5.40),
and the form of the Schwarzschild connection coefficients (see (5.2.7)), the
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following expressions hold true. If we set X = .5, we find the following:

1 2
) lap = Edab(_<ﬂ - U)Q; - (H - u24ﬁ) B 6
1 M 2
) j= glu— w2~ (U—U)4r—2 -3
), =
), —
® M
r2
Then, observing that:
u—u=2r,
2 1
2,2 — 2 = o(am=20),
) r

it results they have the following explicit form at the highest decay order:

1

i = O(4M=>%)
igp =
i9¢ =0

100

log r
)

j=0(4M

mg =0 (5.2.8)

m, =0
M
n= O(Eu)
M
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If X = K, then:

CHAPTER 5. THE SCHWARZSCHILD SPACETIME

1 1 ) M 4t
o —Ogp (=4tr,2— — 4tr,— — —
fab 2b(2r r T4r2 gz5>
1 ) M 2t
| = —4tr,2— — 4dtr,— — —
J " r r4r2 )
mg =0
m, =0
n:T_ﬁ
_ 2M
ﬂ__T+T_27

that imply the following asymptotic behaviors hold:

inp = O(4Mtlof &)

(5.2.9)

(5.2.10)

Remark 5.2.1. Obviously "7 = Ol = 0.

We give in the following some propositions about L, estimates holding for
any S C IC, satisfied from null components of deformation tensors relative to
S, K and from their first derivatives.

Proposition 5.2.1. The components of (S)frag satisfy the following esti-
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mates, for any S C IC, with p € [2,4]:

r
llogr(S)Z|p’S =€
1—2
ror .
llogr(S)]’p’S = ¢
92
re e
| U (S)n’p,S <c
9_2
r
| (S)Q’p,s S c

Besides, their first derivatives satisfy the following estimates:

2oyl < ¢
_2 .

|7"2 pD4(S)j|p,S <c
3—2

| D4(S)n|p75 <c

'S P
25D nl, s < c.

and

oDyl < e
_2 .
|7"2 ”D3(S)j|p,s <c
125Dy, s < ¢
2

=

D3(S)ﬂ‘p,5 S C.
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(5.2.11)

(5.2.12)

(5.2.13)

As far as tangential derivatives are concerned, they are equal to 0, since null

components of S don’t depend on the angles.

Proposition 5.2.2. On every 2-dimensional surface S C IC, the components
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of B satisfy the following inequalities, with p € 2,4]:

1—-2
TP Ry,
t( )Z|p,S <c

log r

=
bS]
|

s < c (5.2.14)

TP ().
|—D{jl,s < c (5.2.15)

r

3_2
P (K
2 Dz(l )n|p,5 <c

2

2—
roor

D5 < c,

and

s < c (5.2.16)

roop

K

at las their tangential derivatives are null.
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5.3 Maxwell equations and stress-energy ten-
sor

The electromagnetic tensor F),, is a 2-form and its left Hodge dual is defined
by:

1
"Fuv = 5eupa F"7, (5.3.17)

where €., = \/|det{ g, }|0},0,6507 F is a solution of vacuum Maxwell equa-

tions, if it satisfies the following tensorial equations:
D'E,, =0, D" F,, = 0. (5.3.18)
It is easy to show, they are equivalent to the set of equations:

DpFu = 0
DjF = 0. (5.3.19)

Given a vector field X we can define the following 1-form ix F' in a way such
that ix F' = F(-, X) and in a similar way we introduce ix*F’; then iy F' and
ix*F completely determine F' at every point where g(X, X) is different from
0.

Remark 5.3.1. If X = ®7'Ty = T, the 1-forms E = iy F' and B = ip*F
respectively represent the electric and the magnetic part ofF and they are
tangent to the hypersurfaces: .

Definition 5.3.1. We can decompose electromagnetic tensor in terms of the
null frame, and so, in terms of the hypersurfaces that foliate the spacetime.
Such a null decomposition results to be

a, = a(F)(e,) = Fleg, eq) (5.3.20)
a, = a(F)(e,) = F(e,,e3) (5.3.21)
p = p(F) = %F(eg,e@ (5.3.22)
o = o(F) = F(ep,ey) (5.3.23)

where a, . are 1-form tangent to the spheres intersection of C(u) and C(u)
and p, are scalar functions.
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They can be expressed in terms of electric and the magnetic part of F,
by holding the following identities:

Qg = (Ea_l'eabHab)

o, = (B, —ewHy)
p = —E
g = _HJ_.

Maxwell equations (5.3.18), projected on the incoming and outgoing null
cones assume the form:

P
a,=Pia + (0,2 + ;)@ = —Yp+ Yo

az=Dsa — (0, + %)a =Yp+ Vo

d
oy=Dyj0 + 2—0=—cyrla

,
P
ps=Dyp + Q?p = diva (5.3.24)
o3 =D30 — 2—0=—cyrla
r
P
p3=Dsp — 2—-p=—diva.

Let us give the following definition:

Definition 5.3.2. Let F' be a solution of Mazwell vacuum equations and let
X, Y be two vector fields. We define () the stress-energy tensor relative to
F, in the following way

QX,)Y) = (ixF,iyF) + (ix"F,iy"F),
that, written respect to a coordinate basis, takes the form
Qu =F,,F°+"F, F,"=2F,,F' — %gw,Fpan”.
Lemma 5.3.1. The stress- energy tensor associated to the Mazxwell tensor

has the following properties:
i) Q is symmetric and traceless.
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ii)For every couple of timelike or null future-directed vector fields, Q) satisfies
the inequality:
Q(X,Y) > 0.

iii) Because of F' is a solution of the Mazwell equations, then Q has divergence
equal to zero, 1i.e.,

DQop = 0.

Proof. i) The symmetry of @) trivially derives from its definition.
Moreover, its traceless character is a consequence of the identity

F3F +* F,5*F*’ = 0. (5.3.25)

For the proof of property i7), we first observe that, given two non-spacelike
future directed vectors X, Y, in the plane spanned by X, Y, there are a couple
of future directed null vectors L, L such that

g(L7L> = _27

then we can express X and Y as linear combinations of {L, L} with coef-
ficients non-negatives. So, let {o/,d/, p’, 0’} be the null decomposition of F'
respect to such vectors. Then

Q(L,L) = 2/
QL,L) = 2l
Q(L,L) = 2(p*+0").

So Q(X,Y) is a linear combination, with non-negative coefficients, of these
three positive quantities.
i)

D*Qap = DFo,Fi* + FopDF? + D**F; Fs* +* Fo,D**Fg”

= FapDang +* FapDang
1 (0% 1* (0% * *

= 5 (Dakyp = DpFpa) + 5 FP(D5E, — DiFja)
1 (0% 1* (e} *

= §F pDBFap+§ F pDﬁFOtp
1 « * ap*

L (PR 4 L) =0

where we have used (5.3.18) and (5.3.25). O
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When @ acts on the null frame {es, e4, €,}, we obtain the following :

Qles,es) = Qsz = 2[af?

Q(€47 64) = Qu= 2|Oé\2

Qles,es) = Qz=2(p*+0?)

Qleg.e9) = Qi1 =07 — apay + agay (5.3.26)
Qeg e) = Qo= 0" + apay — aga,

Qes, e5) = Q2 = —(gay + ayay).

With these relations in mind we can obtain for multilinearity:

Q(To,ed) = @{|al* + (p* + %)}

QK es) = {ri|af +72(p* +0%)}

Q(To,e3) = {lal* + (p* +0%)}

Q(K,e3) = @{r|af + 72 (p* +0°)}

QTo,T) = (®/2){laf® +2(p* +0%)}

QE,T) = (®/2){72]a|* + ilaf’ + (rir2)(p* + o)}

with T = &7,

Remark 5.3.2. In view of the fact that es, e4 are null and K, Ty, are timelike,
both future directed, the above quantities are nonnegative.

5.4 Energy norms relative to Lg I’

In this section we introduce a new family of energy norms, quite similar to
the Q norms in Kerr spacetime. They will be related to the tensor field Ly, F',
instead of F', because in this way, as we will see in the following, we can im-
prove the decays required for the initial date of the F' null components, by
holding peeling theorem anyway. Second in their definition, it shall appear
a 757¢ factor which will be counterbalanced by the better decay of the null
components of Lp, F.

In fact, before to define the energy norms, we observe that the electromag-
netic tensor can be divided in a static part and in a time depending part:

F,uy(tot) = F,uy(stat) + F,Lw(t) (5427)
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Obviously in F),,(star) are included the fields generated by dipoles and by
fixed charges. From now we will work on the components of F = L1, F, so
that in the results will not occur properties of the static part of the field.
It immediately follows, from the symmetry properties of the Schwarzschild
metric, and from the equations (5.4.27) that:

ETonV(tOt) = atFjuz/(tot) = at’{::w/(t) = ‘cToFuu(t) (5428)

(being ETOFMV(stat) = 8tF,U«V(5tat) = 0)

Definition 5.4.1. We call generalized energy norms associated to the stress-
energy tensor @, the following integral quantities:

OO lugyu) = Y / FHQ(LY ) (K, 1)

1<a<k+2 ilug,ul)

Owilup) = Y / FQ(LL )R, e4)
1<a<k41 ¥ Cluilug.ul)

Qf(@;[u(),u}) = Y / QLY E) (K es)  (5.4.29)
1<a<k+2 Y Cyi[uo,ul)

O (us [uo, u]) = > / TQILSLLF) (K es)
1<a<k+1 Y C(&[uo,ul)

=) = ¥ [ PrQuesPR.T)

1<a<k+2

o) = % / QL L6 F) (T, T).

1<a<k+1

We can divide in a part which depends on the Lie derwative of the first order
of F', that we will call Q1, Qb1 and a part depending on the second order Lie
deriwatives of F', that we’ll indicate with Qy, Qs, in the following way:

Q1 (u,u) = /C([ DTEJ“EQ(EOF)(I_(,&L) (5.4.30)

0 (uu) = / FHQLOF) (K, e5)
C(u;[uo,ul])
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and

Oy(u,u) = / QUL YR, 1)
C(us[ug,ul)
s [ QUsLoR) (R e
C(us[ug,ul)
o, = [ squpRK.e) (5.451)
C(u;[uo,ul])

+ / THQ(LsLoF) (K es).
C(u;[uo,u])

Remark 5.4.1. Since I is a solution of the Mazwell equations in the vac-
uum, also F' is it, in fact
‘CT()F,U,V = 8tF;u/a
(remember that Lyes = L1,eq4 = 0) then, if

D'E,, =0,

it follows that )
D"F,, = D*(O,F ), = 0,(D"F,,) = 0.

Moreover, in view of the fact that Schwarzschild metric is invariant under
spatial rotations, it follows that LGF' also satisfy the Mazwell equation in the
vacuum, while LsF will has a nonzero divergence.

First of all, in view of the fact that the asymptotic behavior of the com-
ponents of F' will be estimated by the integral energy norms, it is essential
prove that these quantities are bounded.

To do it, we considerate thel-form P,, defined by:

P, =7"Q(G),X", (5.4.32)

where () is the stress-energy tensor relative to the antisymmetric 2-form G,
that is one of L&F, LoLOF, Lo, L5F and X is a vector field. Since Q is
symmetric and traceless, the following equality holds:

DivP = div(r 3+5Q) XY + T3+€QW ) kv
= 3+€(Din) K+ (3+e) 2 Do Q0 XY

+ 3+6Q;u/
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with ()7 that represents the traceless part of the deformation tensor relative
to X. Because of

1
D, = —uD,u = ——0,u

T— T—

it follows that, if G is a solution of the Maxwell equation in the vacuum and
if X is a Killing vector field, we obtain:

DivP = (3 + 6)7’2“@(—9”“3011)@“”)(” + 3+ 6)7’2+€@L“QWX”.

Moreover, if X is a null or a timelike vector,the precedent lemma guarantees
us positivity of these quantities. Integrating DivP in the bounded region
V(u,u) = {p € Mu(p) € [ug,u],u(p) € [uy,u]} and then applying Stokes’
theorem, we obtain the following:

Lemma 5.4.1. Let P, be defined as in (5.4.52), and let us take X as the
vector field K. Then Stokes’ theorem implies:

/ PHOTIQ(G) (K, e3) + / OIQ(G) (K, e4)
Cu)NV (u,u) C(u)NV (u,u)
—/ QG K, T) = —/ [ (DivQ(G)) s X7 +
EtﬂV(u u) V(u u)

1B+ OGP DyT QusK? 4 e 5@(G) ) a]. (5.4.33)

Choosing G as the tensor fields E’éF , for k£ = 1,2, (which are solutions
of the Maxwell equations, and for this reason have divergence equal to zero),
and since K is a null vector, the following inequality holds:

OF (u; [, u]) + Q (s [uo, ul)
QP (=N V(u,u) < Err(V(u,u)),
(5.4.34)

where

\Err OV (u, Z / () 208028 )l (5.4.35)
V(u,u)

1<a<2

while, if G = LsLEF, (because of DivG # 0) we obtain that

Q (u; [ug, u]) + Qf(u; [ug, u]) — Q7 (2 NV (u,w)) < ErrS (V (u, u)p.4.36)
(5.4.37)
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where

1 _ ~
Er OV < g [ AL P
V(u,u)

+ / T (DivQ(LsLoF)) o K. (5.4.38)
V(u,u)

In analogy with the error estimate for the energy norms in Kerr spacetime,
we divide the error into two terms, depending on the number of derivatives
which appear. We define the following:

£ (u,u) — / PH|E) 2980 (L6 ) g, (5.4.39)
V(u,u)

and

el ~ [ L DQLsLoF)) K7

u)

+ / 73HRIZBO(LEF) o (5.4.40)
V(uu)

+ / 7RI RBQ(LGLOE ) up.
V(u,u)

5.5 The error estimate

In order to estimate & and &, we have to control the decay of the deformation
tensor relative to K and of that one relative to S. For the estimate of &, we
have to study [y, . QLo ),

Remark 5.5.1. Since

Q" = g"" 9" Qro,
from the structure of the null frame in which we are writing any quantities,
we can easily verify the following relations hold:

Qab = Qab

Q33 = EQM
Q44 = £Q44
Q" = O

4
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With these in mind, recalling the asymptotic behavior of null components
on )7 (see proposition 5.2.2) and with the help of (5.3.26), we can write
the error term & like an integral of the following type:

1 N N N N
£ < o / P [ o2 Lo F) + a(LoF)alLoF) + F(LoF))
V(u,u)

2 - 2 TJQr . 2
+ T—QIQ(EOF)\ +§’04(£OF)|]

Now we want to show that all the quantities in the integral of r.h.s. are
integrable. Observing that

aa <laf’,  aa <ol

it follows we have to control the following integral terms:

1 ) )
/ 722l (LoF) + p(LoF)?)
V(u,u)

r

/ 3BT (Lo P
V(u,u) r

2

3+e — 2

Tt S la(LoF)|
/V(uu) r?

/ 3+6T+’OC(EOF>‘
V(u,u)

The first of it is controlled in the following way:

1 A
/ TEJFEﬂt(UQ + p*) (Lo F)
V =,

(u,u) r
u 1 R R
<ec / il / e 8Ly (2 (Lo F) + 0*(LoF))
C)(u';[uo,u]) r
% du’ T 2 N
c — sup (—logr) sup V(u,g))/ r3te i(p(ﬁo) +0(Lo)?)
uy W V(uu) \ T ( C(u'5[uo,u])
C ~
< —0;.
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The other terms are bounded by Q@)1 too. We see into details only the last
integral, which has the highest weight factor 7, (then the worst behavior):

/ 3+€T+|a(£0F)‘
V(u,u

< cinty —/ e |a(LoF)[?
C(w';[uo,ul)

< —

7’0

Then we have shown &; is bounded in terms of a constant ¢ and the inverse
of ro. As far as & is concerned we have to estimate the following quantities:

| wemivarescor).Re
V(u,u)
/ T EIBQLEF) 0 (5.5.41)
V(u,u)
[ RmsQLaLoF
V(u,u)
The second term in (5.5.41) has the following form:

g < of B EALLE) + alloFlalloF) + (L)
V(u,u)

TE ~2 ’7'2 ~2
+ Tla@o PP + Sla(LoR)]

that is exact the same as the error term &; with the difference that there is
Z',QO instead of L. Then it can be estimated in the same way, changing Q;
with Q,. As far as the third integral is concerned, it is controlled exactly in
the same way as the precedent one, and it results to be bounded by Q, too.
In order to estimate the first integral in (5.5.41), see [8].

5.6 The Peeling Theorem for L7,/ and for F

In this section we are finding the asymptotic behavior along infinity null
directions of the null components of electromagnetic tensor field F', which
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propagates itself in the external Schwarzschild spacetime ( seen as a back-
ground spacetime). We will see that they are in accord with the peeling
results, provided to do some required on the initial conditions which the ten-
sor field L7, F' has to satisfy. The techniques that we are employing essentially
are of an analytic nature and they are based on type Sobolev estimates.
Now we are able to prove null components of the tensor field mathcal Ly, F
satisfy the Peeling theorem:

Theorem 5.6.1. Let F' a regular solution of the vacuum Maxwell equations,
that propagate itself in the Schwarzschild spacetime (thought as background
space). Then for every time t the components of the tensor field F = Ly F
satisfy the following asymptotic estimates:

P2 a(F) < O{[QF (us [y, u]) + QF (u3 [ug, u))]2
+ [Q9(S) + Q5 (2]} (5.6.42)
7*2(’P(F)|,’U(F)|) < ngpr2‘5‘7|5‘+07'__(2+5)

{199 (u; [uo, u])] 2 + [QF (1) + OF (£4)](5.6.43)
rr 2 ((F) < O{1Q0 (s uo. u]) + QF (us ug, u])]2
+ [Q9(Z) + Q5 (2]} (5.6.44)

IN

Sketch of the proof: We are going to give just an idea of the theorem’
s proof, and we invite the reader to see [4] for any details. The substantial
difference with that article is due to the fact that, because of the reasons
specified in section 2, we will work with the null components of F = L, F.
We start with the component a.. First we note the following relations hold:

a(Lo,F) = La,aF) (5.6.45)
Loal* = r*|Val* + |af, (5.6.46)

1 €
where |Loal* = ¥icj|Lq,al*. Posing in 1.3.11 F = 23t

a(F), it follows
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we have to control the following integrals
[ reaBP [ Ol Ta(E)P
C(u;ug,u))
[ emepaBE [ P
C(u;[ug,u])

C'(u;[ugul)

JRNE ) Mol
C(uslug,u])

Thanks to equations 5.6.46, the following estimates hold:

[ el < e tew) [ QUoP)(R.e)
C'(u;[ug,ul) O (u;[ug,ul)
[ eevef < e ltw) [ QUoP)(R.e)
Cluilug ul) O (us[ug,ul)

[ strsedyial < 00w [ QUEBFE.a).
C(W[@o@])

C (u:[ug,ul)

In order to estimate the forth integral we use the vector field S, as:
r!Daal® < (@7 Dsal® + 72 [Dsal?),

so for the first quantity of r.h.s. we obtain
/ S22 Dgal? < (@ (34 6)(r(u, up))
C( ;[ﬁoyf})

L QUEsEOP (R o) + QUEOF)(R )

for any 0 > 0. To estimate the other involved quantity, we use Maxwell
equation

Vyo— 0,2+ "o~ Vp— Yo =0

(we remember that F is a solution of the vacuum Maxwell equations t0o),
to find

/ TQTE+E|Dh3a|2 < c(@‘l(r(u,go))/ Q(LOF)(Z:,&L)
C(usug,u]) C(usug,u])

T / P2 (VPP + Vol
C(u;lug,u])
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It means that to control the behavior of a, we need to control |¥p|, |Vo|, but
they are proved to be bounded from

c@‘l(r(u,go))r_zT:(5+E) / Q(ﬁoﬁ)([_(, €q)-

C(u;ug,u)

Collecting all these estimates we find 5.6.42. As far as the component « is

. . Ls+e)
concerned, we substitute in 1.3.14 U = 72
control

2 (r(u, ) / Clw; [wo, )™l / Cw; o, u]) 7™+ Y
/ C(w; [uo, u]) 77| Dhsal? | / C(u; [ug, u]) 7" 7| V|

/ Cw; o, u]) 7702 Y Dsar?.

« and we find that we have to

Using the same techniques employed for o (with the obvious modifies), we
finally obtain 5.6.44.

The components p and o behave at the infinity in the same way, so in the
following we are going to find only the decay of p. First we note

p(LoF)* = r?|Vpl,

therefore the Q-norms do not suffice to control p. But from Poincaré inequal-

ity, it follows
| o-st<s [ o)
S(u,u) S(u,u)

so we expect we are able to estimate p — p and then we will use

ol < |lp—p|+1pl.

(3+e)(

1
Substituing in 1.3.12 F with r72 p — p), and then using the equation

d
D3p —2—p+diva =0,
r
it is shown that

272 p — p(F)| < e (r(u, u)(Q9(u, u))?.
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Finally, as far p is concerned, it is easy to show it is bounded from
=, ) sup [P
Y=o
and this concludes the proof.
The decay we have found for a(F ) is not the one expected by the peeling
theorem,but we are able to modify it by considering the Maxwell equation
relative to the evolution of a on the null incoming cones and multiplying it

times 7:
rPsa —a=1r(Vp+ *Vo).
———
20y (ro)
Integrating it on a finite portion of a null incoming cone, and considering the
norms of the quantities, we obtain:

Iraf(u) < [roc(u)] + / r(Vol + Vo)),

C(u;[uo,ul)

This equation, multiplied for 2, has the following interpretation: if the initial
data of a(F) decay along the spatial infinity like 7~“4+9) then a(F) has the
asymptotic behavior prescribed from the Peeling theorem, that is the one
expected cause of the asymptotic simplicity of the Schwarzschild specetime.
Now,to prove that the components of F satisfy the peeling decay, decay, first

of all let us observe the following relations hold:

Remark 5.6.1. It easily follows from the symmetry properties of the Schwarzschild
metric that the components of F satisfy the following equalities:

a(Lr,F) = oLy Fu) = Ly,o(Fuy) = Owe(Fy)
(L F) = p(LrFiy) = Lap(Fy) = Oip(F)

o(LryF) = o(Lr,Fuy)) = Lryo(Fuy) = 0o (Fy))
a(LryF) = a(lnFuy) = Lra(Fy) = 0a(Fu)).

Therefore integrating in the time the components of F, in view of the

fact that it is like integrate on w,it follows that the components of the non
stationary part of F' have in r the decay expected from the peeling theo-
rem, While in u they decay more slowly with respect to the components of F
of a factor 7_.
Hence on the initial hypersurface ¥, (dove 7_ ~ r),the components of Fi
behave as 7~(*2) while there is nothing that describes the order of decay of
the static part of F, and so we have no limitations about the presence of a
dipole in the field F.
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5.6.1 Maxwell tensor in Minkowski spacetime

The same work was done using as a background metric the flat one, in coor-
dinates (u,u, 0, ¢), such that:

u=t—r
retarded parameter,
=t4r

advanced parameter. In these coordinates the Minkowski metric assumes the
form:

1
ds* = —dudu + Z(g — u)*(df? + sin? 0dp?).

The connection coefficients of the metric are all null but x e x, which have
only the trace part, in particular:

try = —try = —

= 7

The Maxwell equations in Minkowski spacetime, projected on the null out-
going cones, assume the form:

Dy + %g +Yp—"Yo=0 (5.6.47)
Dsa — %a —Yp—"Yo=0 (5.6.48)
Dio + %a +afla =0 (5.6.49)
Dip + ; — diva =0 (5.6.50)
D30 — %a +cyrla =0 (5.6.51)
Dsp — gp + diva = 0. (5.6.52)

The order of decay we have found for the components of F' are the same we
have found in this work. The substantial difference, which has considerably
simplified the problem, is that in the Minkowski spacetime the energy norms
that we use are notably simpliﬁed. In fact K is a Killing vector field,therefore:

IR O R A

1<a<k+2
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Moreover Lie derivative and covariant derivative are ordinary derivatives
then, if F' satisfies the Maxwell equations, also LgL¢F satisfies them:

DM(LsLOF),, = 0"0.05F
= 9s0%D'F = 0.

Therefore Err'®) is zero too.
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