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Abstract We prove, outside the influence region of a ball of radius Ry centred
in the origin of the initial data hypersurface, Xy, the existence of global solutions
near to Kerr spacetime, provided that the initial data are sufficiently near to those
of Kerr. This external region is the “far” part of the outer region of the perturbed
Kerr spacetime. Moreover, if we assume that the corrections to the Kerr metric
decay sufficiently fast, o(r~3), we prove that the various null components of the
Riemann tensor decay in agreement with the “Peeling theorem”.

1 Introduction
1.1 The Problem and the Results

The problem of the global stability for the Kerr spacetime is a very difficult and
open problem. The more difficult issue is that of proving the existence of solutions
of the vacuum Einstein equations with initial data “near to Kerr” in the whole outer
region up to the event horizonm

What is known up to now relative to the whole outer region are some rele-
vant uniform boundedness results for solutions to the wave equation in the Kerr
spacetime used as a background spacetime (see Dafermos and Rodnianski (7)),
Klainerman (9))
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' 'Which is also an unknown of the problem.

2 See also for the J = 0 case, (1)) and references therein.
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If we consider the existence problem in an external region sufficiently far from
the Kerr event horizon for a slow rotating Kerr spacetime, the result is included in
the version of Minkowski stability result proved by S. Klainerman and one of the
present author, F. Nicolo, see (0) and also (6). In this case
F. Nicolo, recently proved (15)), that the asymptotic behaviour of the Riemann
components is in agreement with the “Peeling theorem” if the corrections to the
Kerr initial data decay sufficiently fast.

In this paper, we prove the non-linear stability of the Kerr spacetime for an
J < M? and an appropriate class of initial data near to Kerr, in an external regioxé
whereﬂ r > Ry and M /Ry < A with A sufficiently small. Moreover, if we restrict
the class of initial data, once subtracted the Kerr part, to those which decay toward
the spacelike infinity faster than 3, we prove that the null asymptotic decay of
the Riemann tensor is in agreement with the “Peeling theorem”. Our main result
is, in a somewhat preliminary version, the detailed version in Sect. 4]

Theorem 11 Assume that initial data are given on Xy such that, outside of a ball
centred in the origin of radius Ry, they are different from the “Kerr initial data of
a Kerr spacetime with mass M satisfying

M 2
Tl J<M
Ry

for some metric corrections decaying faster than r—> towards spacelike infinity
together with its derivatives up to an order q > 4, namelyE]
Kerr —(34+7¥ Kerr —(4+7Y
g =g +0g1 (rmCTD), ki = K o, (D) (1.1
where y > 0. Let us assume that the metric correction 8g;; and the second fun-
damental form correction 8k;j are sufficiently small, namely that we can define a
function made by L* norms on Xy of these quantities and require it to be small:

7 (%0,Rp;6%g, 8k) < e, (1.2)

then this initial data set has a unique development, #, defined outside the do-
main of influence of Bg,. Moreover, .4 can be foliated by a canonical double-null
foliation {C(u),C(u)} whose outgoing leaves C(u) are completﬁ and the various
null components of the Riemann tensor relative to a null frame associated with
this foliation decay as expected from the Peeling theorem.

The proof of this result depends on many previous results: the proof of the stability
of the Minkowski spacetime in the external region by Klainerman and Nicolo, in
(10), a result in turn based on the seminal work by Christodoulou and Klainerman
(6), and concerning the peeling decay, important ideas of the proof come from the
previous work by Klainerman and Nicolo (11)) and the recent (13).

3 See the remark after the statement of Theoremin Sect.

4 ris aradial coordinate which will be defined later on.

> The components of the metric tensor written in dimensional coordinates. f = 0q(r )
means that f asymptotically behaves as o(r~%) and its partial derivatives d*f, up to order g
behave as o(r—47*).

6 By this we mean that the null geodesics generating C(u) can be indefinitely extended toward
the future.



Title Suppressed Due to Excessive Length 3

We observe that the two results proved in this work, the global stability in
the external region and the asymptotic decay in agreement with the peeling, are
basically independent; relaxing the decay conditions on the initial data we can
prove the stability with a worst null asymptotic decay. In this paper the two results
are proved together, but it is easy to enlarge the class of initial data to prove only
the first one, proceeding as in (11) where it has been shown in detail, for the
perturbed Minkowski spacetime, how the spacelike decays of the initial data are
connected to the null decay of the Riemann components.

Therefore, as many steps to prove Theorem[IT|have been discussed in previous
works, we prove here the new part of this result, namely Theorem [31] which is
the core result to obtain, via a bootstrap mechanism, the global existence and the
decay satisfying the “Peeling theorem”.

In the remaining part of the introduction we examine the difficulties one en-
counters to prove this result and how they have been solved.

1.2 The Global Existence in an External Region Around the Kerr Spacetime

To understand the problem of perturbing around the Kerr spacetime it is appropri-
ate to remember how the problem of perturbing around the Minkowski spacetime
has been solved. The general strategy is a “bootstrap mechanism”: one proves
(given a local existence result) that there is a finite region V, whose metric satisfies
the Einstein equations, endowed with some specific properties, mainly that some
norms associated with the metric components and its derivatives are bounded by
a (small) constant, then assumes that the largest possible region, V,, where these
“bootstrap bounds”, hold is finite and proves that, if the initial data are sufficiently
small, the previous bounds can be improved. Therefore this region can be ex-
tended, and to avoid a contradiction, has to coincide with the whole spacetime.

More precisely, we assume that V, is endowed with a foliation made by outgo-
ing and incoming null cones, {C(1)} and {C(v)} and that the norms we assume
bounded are those relative to the connection coefficients and to the components
of the Riemann tensor. The central part of the proof is, therefore, to show that
these norms can have better bounds. To do it we use in the manifold V, the struc-
ture equations and the Bianchi equations. The structure equations are transport
equations for the connection coefficients along the incoming and outgoing cones
and elliptic Hodge systems on the two-dimensional surface intersections of the
incoming and an outgoing cones, S = CNC. These equations are inhomogeneous
equations whose inhomogeneous part depends on the Riemann components. The
Bianchi equations, at their turn, can be written as transport equations for the Rie-
mann components along the cones whose inhomogeneous part is made by prod-
ucts of the Riemann components and the connection coefficients.

To use these equations a sort of “linearization” is done, namely we consider
the Riemann components as external sources satisfying the “bootstrap bounds”
and show, using the equations for the connection coefficients, that the bounds
of the connection coefficients can be improved. Then we control the Riemann
components; to do it, we use in a crucial way the fact that it is possible to define
for the Riemann components a set of norms, globally denoted by 2, weighted
L? integrals along the outgoing and incoming cones, of the Bel-Robinson tensor,
which play the role of the energy norms associated with the Bianchi equations.
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Assuming the “bootstrap bounds” for the connection coefficients, we prove that
these energy norms are bounded by the corresponding initial data norms and using
the Bianchi equations obtain finally, better norms for the Riemann components.
If we ask ourselves how to transport this strategy to perturb non-linearly around
the Kerr spacetime solution instead than around the Minkowski one, we realize
that the main difference is, in broad terms, that now we are perturbing around a
solution different from zero, while the Minkowski spacetime can be considered
a “zero solution”. That is, in the Minkowski spacetime all the connection coeffi-
cients are identically zero with the exception of the second null fundamental forms
x and ) (which, due to the spherical symmetry, reduce to the two scalar functions

try = 2r~! and try = —2r~!). Moreover, all the Riemann components are iden-
tically zero. Therefore, to prove that the norms are bounded and small we do not
have to subtract their Minkowski part (with the exception of try and try).
The Kerr spacetime is not a “zero solution” and some kind of subtraction has
to be done. This “subtraction” mechanism is delicate as we are not looking for a
linearly perturbed solution and it is realized through four different steps:
(i) We state the “bootstrap assumptions” in V, for the corrections of the con-
nection coefficients and the Riemann tensor, that is for the various compo-
nents to which we have subtracted their Kerr parts Symbolically,

§0=0-0K  §R=pR— gKem) (1.3)
and in some detail, see (10, Chapter 3), for all the definitions,
5;{:%_;{(Kerr)7 81:1_1<Ken)7 6C:C_c(Kerr)

So=oa—akm §g=p—pkm

(i) Due to (i) we write the structure equation (in the V, region) instead that for
the connection coefficients, ¥, ¥, &, @, ®. ... for their corrections)’|Recall-
ing the proof for the Minkowski stability, these equations have inhomoge-
neous terms which depend on the Riemann tensor, and in this case, on the
correction to the Riemann tensor

SR = R — RKer),

We use these modified structure equations to obtain better estimates for the
norms of these connection coefficient corrections, § O, provided we have a
control for the norms of the Riemann components corrections, OR.

(iii)) The third step consists in obtaining estimates for the Riemann components
corrections. This requires to subtract the Kerr part of the Riemann tensor.
This cannot be done in a direct way as the basic step to control the Riemann
norms is to prove the boundedness of the energy type norms, 2.

We would need analogous norms for the OR corrections again with a positive inte-
grandm to get from them estimates for the (correction of the) null

7 Observe that also the linear perturbation around Kerr has some problems due again to the
fact that the Riemann tensor in Kerr spacetime is different from zero, see (1) and reference
therein.

8 More precisely the Kerr part “projected” on the V, foliation, see the details in Sect. m

9 The technical details for this “Kerr decoupling” for the connection coefficients are discussed
later on.

10 See the explicit expression of the .2 norms in Minkowski case in (10, Chapter 3).
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Riemann components, but to define them is a difficult and unsolved task. We pro-

ceed in a different way based on the fact that the Kerr spacetime is stationary and

% is a Killing vector field. Therefore, if, instead of considering the Riemann com-

ponents, we consider their time derivatives, they do not depend anymore on the
Kerr part of the Riemann tensor, their initial data can have a better decay, and if
we control their .2 norms we can obtain a good control of the R norms in V, and
also a good asymptotic decay along the null directions. This argument is not rig-
orous as in the perturbed Kerr spacetime % is not anymore a Killing vector field,
but it turns out that the basic idea can be implemented in the following sense:
Instead of the time derivative of the Riemann tensor we define its (modifie

Lie derivative .& 1, R, where Ty, whose precise definition will be given later on

and is equal to % in the Kerr spacetime, is not anymore a Killing vector field,

but only “nearly Killing” then we define some & norms relative to & 1, R with
appropriate weights in the integrand and prove that they are bounded in terms of
the corresponding quantities written in terms of the initial data; from it we can
prove, after quite a few steps, that the SR norms are smaller than that assumed in
the bootstrap assumptions and satisfy appropriate decays.

In V, we can build a null frame, {e3,es,e1,e, }, adapted to the foliation, where
e1,ep are vector fields orthonormal and tangent to the two-dimensional surfaces
S=C(A)NC(v) while e3,e4 are proportional to the null geodesics generating the
cones and in the coordinates {u, u, o', a)zhave the following expressions:

1 /0 1 /0
e4 = 5 (au +X) , &= 5 <8u +X(Kerr)> s (1.4)

while if we were considering the Kerr metric (see Sect. [2|for greater details),

err 1 d
ez(tK )= (8 +X Kerr)) ;

Qkerr u (
(Kem) A ©= (15)
S(Kerr) — 1 i +
3 -Q(Kerr) du (Ker)
with
0
X(kerr) = Op 5 = (OB%,
where @p and Q) are defined in Eq.[2.33] From this we define
Q X + X (err Jd d
Ty = —(63—!-64)—4(1( ) = (1.6)

2 2 _EJF@'

It is important to point out that the integrands of the 2 norms have to be a sum of
non-negative terms (see for instance (10), Chapter 3 equations (3.5.1),...,(3.5.3)),

1 See later for its precise definition.

12 With “nearly Killing” we mean that its deformation tensor is small with respect to some
Sobolev norms.

13 4 and u are the affine parameters of the null geodesics generating the null cones, @', ®> are
the angular variables.
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which requires that the Bel-Robinson tensor has to be saturated by appropriate
vector fields, linear combinations of e3, e4 with positive weights. Therefore, as in
(10) we saturate the Bel-Robinson tensor with the following vector fields:

1 1 1
T= 5(e4+e3), S = E(’C+€4+’LL€3), K= E(Tie4+‘czeg) 1.7

where

T =+1+u?, 1_=+1+u?

These vector fields, when we perturb Minkowski spacetime, are nearly Killing;
here, they are not Killing vectors even in the Kerr spacetimeE] The relevance of
the 7', S, K vector fields in the present case is connected to the fact that they are
non spacelike fields in the region outside the ergosphere and made by e3 and ey,
the null vectors of the frame adapted to the foliation which have the property that
the fields N = Qe4, N = Qe3 are equivariant vector fields.

1.3 The Decay of the Riemann Components, the Peeling

Beside the proof of the Kerr stability in a region with r > Ry > M, we prove that
the null Riemann components have a null asymptotic decay consistent with the
“Peeling theorem”. This result has already been obtained in (15)), if we restrict
ourselves to the perturbation of a very slow rotating Kerr spacetime or to a “very
external region” which was defined through the condition

M< iRé (1.8)

where A is a small number depending on the smallness of the initial data. As
discussed in (15)), the advantage of restricting to this “much farther” region is that
we do not have to prove again a global existence result as the Kerr part of the
metric can itself be considered a perturbation of the Minkowski one satisfying the
conditions of (10). In this paper, once we have proved a global existence result, the
way to prove again the “peeling decay”, now in a much larger region, is basically
the same as the one discussed in (15). We sketch now the main ideas involved and
we refer to (15)) and to next sections for a more detailed discussion.

In (6; 10), the null asymptotic behaviour of some of the null components of
the Riemann tensor, specifically the a and the 3 components, see later for their
definitions, is different from the one expected from the “Peeling Theorem”, (L6),
as the proved decay is slower. More precisely, the components o and B do not

follow the “Peeling theorem” decaying both as =% while we expect > and 4,
respectivelyE] In a subsequent paper, (11), S. Klainerman and F. Nicolo proved
that the decay suggested from the “Peeling theorem” could be obtained assuming
stronger spacelike decays for the initial data. Unfortunately, that result required an

14 Perturbing Minkowski spacetime we can choose T = T as in Minkowski spacetime T = %.

15 Components relative to a null frame adapted to the null outgoing and incoming cones which
foliate the “external region”.

16 In principle some log powers can be present, see Kroon (13)).
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initial data decay too strong for proving the “peeling decay” in spacetimes near to
Kerr. To show how this result can be improved let us first recall it in some detail.
In (11) the following result was proved:

Theorem 1 Let assume that on Xy /B the metric and the second fundamental form
have the following asymptotic behaviou

8ij = 8Sij + 0q+1 ("_(3+8))

(1.9)
kij = Og(r~#%)

where gs denotes the restriction of the Schwarzschild metric on the initial hyper-
surface. Let us assume that a smallness condition for the initial data is satisﬁed.
Then along the outgoing null hypersurfaces C(u) (of the external region) the fol-
lowing limits hold, with € < € and u and u the generalization of the Finkelstein
variables u =t —ry, u =t +ry in the Schwarzschild spacetim‘

lim r(1+[u)) ) a| = o, c(aim (14 |u)) ) B] = Co

C(u);ﬂ—roo
li 3lp|=Co, i 3ol =C 1.10
clm rlpl=G,  lim rlo]=Cy (0
lim A1+ u)DIB =Co,  sup A1+ [u))¥ el < Co.
C(u);u—oo (uu)ert”

This result was obtained, basically, in two steps. First, we proved that a family of
energy-type norms, 2 of the same type as those used to prove the global existence
near Minkowski in (10), but with a different weight in the integrand, were bounded
in terms of the initial data. The new weights are the previous weights multiplied by
a function |u|” with appropriate ¥ > 0, and the central point is that the extra terms
appearing in the “Error” of the 2 norms have a definite sign and can be discarded.
This allowed to prove that the various null components of the Riemann tensor,
beside the decay in r, have a decay factor in the |u| variable. In the second crucial
step it was proved that, integrating along the incoming cones, the extra decay in
the |u| variable can be transformed in an extra decay in the r variable proving the
final result.

This result cannot be immediately translated to the present case as the required
decay for the initial data does not admit initial data near Kerr. The way out, see
(15), is the one used to prove global stability: instead of looking directly to the
decay of the Riemann components, we look at the decay of their (modified) Lie
derivative with respect to the nearly Killing vector field 7. This basically subtracts
the Kerr part, allows to prove the boundedness of the modified 2 norms, proves
that, after a “time” integration, R satisfies bounds which allow to extend the
region V, proving global existence and finally shows that the null components of
the Riemann tensor satisfy the peeling decay.

17" Here, f = 0,(r~) means that f asymptotically behaves as O(r~“) and its partial derivatives
J*f, up to order g behave as O(r—**). Here, with g; j we mean the components written in
Cartesian coordinates.

18 The details of the smallness condition are in (LI).

19 ¢, B, ... are the null components of the Riemann tensor defined with respect to a null frame
adapted?o the double null foliation, see (10l Chapter 3), and later on. The norm |- | is, in this
case, the sup norm relative to the $2-sections of C(u).
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Summarizing the previous discussion, we can say that together with the proof
of the “peeling decay” the relevant result of this paper is that we are able to extend
the external region where the global solution of a non linear Kerr perturbation
does exist, with respect to (10;|15). Nevertheless it has to be pointed out that, even
technically improving the kind of estimates we are using here, this strategy does
not allow us to cover the whole outer region, (that is from the event horizon on).
This should be evident already looking at (1)) for the Schwarzschild case where it is
clear that the control of the “error”, crucial to control the “energy-norms”, is very
problematic, even in the linear case, around the so-called “photosphere region”.
Therefore, this is the more fundamental reason why the assumption RMO < 1lis
required in Theorem [I1] and it is obvious that a different approach is required to
cope with this region in the non-linear case.

2 The Bootstrap Assumptions

The main difference with (10) and also (11) is that, in this case, the initial data we
are considering are a perturbation of Kerr initial data (in Xo/Bg,) and therefore,
we do not assume the ADM mass small.

We denote with & the connection coefficient norms defined as in (10) and we
make specific assumptions on them. We denote by Z the norms associated with
the various null Riemann components, where p —p and o — G are in place of
p and o. The choice of norms as |- |, | - |p.s or |- |2 norms follows exactly the
pattern of (10); here we are interested in their weight factors and their smallness;
therefore we denote all the norms with | - |.

2.1 The Null Canonical Foliation and the Metric in V.

The Kerr connection coefficients satisfy transport equations similar to those in
(10) with respect to a double null cone foliation of the Kerr spacetime. On the
other side, the connection coefficients of the perturbed Kerr spacetime satisfy the
transport equations with respect to a double null cone foliation of the perturbed
Kerr spacetime. This implies that to subtract the Kerr part (to these transport equa-
tions) we have to control the difference between the double null cone foliation of
the Kerr spacetime and the one associated with the perturbed Kerr and prove this
difference “small”. This also has to be part of the bootstrap mechanism and re-
quires that the bootstrap assumptions on the connection coefficient terms imply
analogous estimates at the level of the corrections to the metric components, we
denote hereafter globally 6 & ©),

The double null cone foliation: We assume that a, possibly finite, region V. exists
whose boundary is made by the union of V, N Xy, dVi and dV,,, the first part be-
ing a spacelike hypersurface the second and the third two null
hypersurfaces, the first incoming and the second outgoing; we also assume that
in this region we have a metric whose components satisfy the Einstein vacuum
equations. We can solve the eikonal equation

g ouwoyw =0 (2.11)
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choosing as initial data a functioﬂ uy on V,NXy or a function up on dV;y.
Let us call u(p) and u(p) these solutions, respectively. The level hypersurfaces
u(p) = u,u(p) = u define two family of null hypersurfaces we call null cones in
analogy with the Minkowski case and denote C(u), C(u). These two families form
the “double null cone foliation”. The null tangent vector fields of the geodesics
generating the C and C null “cones” are

d

2]
1 =—gouzss L =g oz 2.12)

and the “lapse function” €2 is defined through the relation
g(L,L) = —(2Q%) "
Associated with the double null cone foliation we define two null fields {e3,e4}:
ea=2QL, e3=2QL (2.13)
such that

g(e37e4) =-2.

Given the double null foliation we define S(u,u) = C(u) NC(u). On each S(u,u)
we define two vector fields {e, }, a € {1,2} orthonormal to e3, e4, obtaining at each
point p € V, a null orthonormal frame. The foliation made by the two-dimensional
surfaces {S(u,u)} is null outgoing and null incoming integrable. This means that
the distributions A and A made by {es,e;,e2} and by {es,eq,es}, respectively,
are integrable. Moreover the integrability property of the S-foliation implies that
the connection coefficients & and &, see for their definitions equations [2.44} are
identically zero and that the second null fundamental forms are symmetric. The
frame {e4,e3,e1,e2} is called the “adapted (to the double null foliation) frame”.
One can have different double null foliations choosing different “initial data”, and
among the initial data we choose some specific ones we will discuss later on,
see Sects. @ @] and also (10, Chapter 3), and the associated foliation will be
called “double null canonical foliation”. In conclusion, the first of the “bootstrap
assumptions” we are stating is the following one:

(Assumption I): V, is endowed with a double null canonical foliation.
2.1.1 The “Adapted” Coordinates and the Adapted Null Frame

Theorem 21 let us assume V, be endowed with a double null cone foliation; then,
in the “adapted” coordinates the metric tensor has the following form:

g() = _4'de”dﬂ+ Yab (dwa - (X(Kerr)adu +Xadﬂ))

x@&—@&$m+ﬂ@ﬁ, (2.14)
where
g(L,L) « 9 J
Q=\-=5= X=X'52 Xem) = O35 (2.15)

20"y, defines an appropriate radial foliation of Xy /Br,, see Sect.
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Proof. Let us choose u(p) and u(p) as coordinates. As they satisfy the eikonal
equation it follows that

g =g"=0. (2.16)
Therefore, we have from (2.12)), where the coordinates {x*} are still generic ones,

Y A S w9 &9
b (S b (G ) @D

The vector fields, see (10, Chapter 3),

(9 gau a ' 8 gag 8

N_(8u+g””8x“>’ N_<8u+g”“8xa> (2.18)
are equivariant. This means that the diffeomorphism generated by them sends a
surface S(u,u) = C(u) NC(u) to another surface S on the same outgoing or incom-
ing cone, respectively. To specify the “angular” coordinates {x!,x?}, we proceed
in two steps. We consider the diffeomorphism generated by N, we denote it @,
which sends S(u,u) to S(u+ A,u). Let p € S(u,u) there exist a point pg € CN Xy
such that p = @(u; pg). Let us denote the “angular” coordinates on Xy, a)é , a)g and
make the following choice for the angular coordinates of p:

x! (p) = w& (po), xz(l’) = (002(170)'

Therefore, the integral curve of the vector field N, @(A; py), in these coordinates
is

D" (A {u,p}) = 4
(A {u, 0f}) = u (2.19)
(A {u, of}) = of
and
v_2
- Jdu

To have an expression for N and N as similar as possible to the one in Kerr space-
time, in the Pretorius—Israel coordinates, see (8)), we perform a change of coordi-
nates {x*} = {u,u,x", ¥’} — {u,u,0', 0>} = {y*} where

o =x"+ f4(A,u,{0"}). (2.20)
and from it
P MW\ 9 9 aft d
Y N/ A [ VT S I 7
N=N o (N axu) 5 ou ' X dar 221)

We choose f%(A,u,{@"}) such that

Jfa

FY & wp(A,u,0") (2.22)
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where the explicit expression of the function wg(A,u, ®') will be given later on.
Therefore, with this change of coordinates,

d 0 d
N=—+wp

Once N has been defined there is no more freedom in the expression of the equiv-
ariant vector field N; an explicit calculation, see (10, Chapter 3), gives

[N,N] = —49Q7{ (eq)ea, (2.24)

with {, the “torsion” connection coefficient, which in the adapted frame is

1
§(ea) = 58(De,e4,¢3). (2.25)
0 d
Therefore N = =~ +X where X = wp—— + 6X = X(gerr) + 60X (2.26)
du o0

and 6X satisfies the equation, which will be needed later on,
VX (Kerr) — O (X(kem) + 8X) = —427{ (ea)ea- 227

Associated with the double null cone foliation we define an adapted null orthonor-
mal frame:
1 1 d d
Ley=2QL=_N, e3=2QL=_N, e1=¢| =¢}
(2.28)

where ey, e, are S tangent vector fields orthonormal and orthogonal to e3,es. At
the generic point of V, of the coordinates {u,u, 0, ¢}, the inverse metric is

2
gt =-2 (ef(e%’ +e§eX) + Z elte)

a=1

2
= o (VENY L NENY) + Y ebel
a=1
1 .
=~ |(B) +81'8Y) X7 (818) + 8 81) + Xxcom (8] 81 + 87 51
+ P 8HS) . (2.29)

and the metric tensor is
g(-,") = —4Q%dudu+ Yup (d0* — (X kerr) “du + X“du))

X (dw” — (X(kem"du +de2)) . (2.30)

The previous result has still a certain arbitrariness as e3, e4 depend on the foliation
which in turn depends on the choice of the initial conditions on V, N Xy and on
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0V,1. The natural choice is that of a foliation “near” to the Pretorius—Israel one
used in the Kerr spacetime. Let us recall some aspects of this foliation. In (&)

t+ry t—r,
U=
2 2’

(2.31)

I
I

where . is the solution of the eikonal equation described thereFj] With these def-
initions the Kerr null frame “adapted” to the P-I double null foliation is

ke — 200 = K50, +apdy) = >(8 " Ba>

~ 5>

€3 Q (Kerr a(p
(Kerr) Kerr)y _ 1 d d
ey —pKem)y _ ﬁ(aﬁ-a& + wpdy) = o (Ker) ( +COB8¢
Ke) _ R 0 R I kem_ 1 I
I T Zin20,90,  ZoA° 2 T Rsin09¢’ (2.32)
where
_ 2mary A
(1)3—72R2 , Q= Rz,k—sm 0..
A=rl+a*—2Mr, X =r2+a*cos’0 (2.33)

IR? = (r} +d*)* — Ad’sin* 0

and r, is the Boyer-Lindquist radial coordinate. . and A are defined in (8) (see
also equations . Denoting { &,q)}@ again {®', w?}, a point of the Kerr
spacetime is specified assigning {u,u, @', ®*}. The null hypersurfaces u = const,
u = const define the double null foliation. As done before, starting from the null
orthonormal frame, the Kerr metric in the {u,u, o', a)2} coordinates is

g(Kerr)('v ) - (Kerr)dudu
(Kerr)
7y (40— Xy (-4 ) ) (40P — Xy (A -+ ) ).
(2.34)
where
d A
X(Kerr) = (DB%7 Q(Kerr) = 7
Z2(sin26 )2 (2.35)
sin20, .
m=——pr > T2% 0, 70 =R%sin’0.
The equivariant vector fields in the Kerr spacetime
d d d d
(Kerr) _ (Kerr) _ 9
N ( +(DBa¢> N ( +(1)Ba¢) (2.36)

21 To specify it uniquely we still have to give the initial data, we discuss it later on.
22 Observe that in the Pretorius—Israel frame the variable which stays near to the spherical
coordinate 6 of Minkowski spacetime is 6, and not 6.
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satisfy
(v(Kem) yKem)] = 402pKem) (g ),
with
C(Km)(ea)@a _ (_QR;ZI:HG8rb (DB) ep. (2.37)

It is now possible to compare the foliation associated with the Kerr spacetime and
to the perturbed Kerr spacetime. If we endow V. with the metric (2.34), (Vi gkerr))
is a submanifold of the Kerr spacetime; if the metric associated with V; is
then (V,,g) is a submanifold of the global perturbed Kerr spacetime whose ex-
istence we are proving. Comparing the two metrics (Z34) and Z30)[F] we see
that, at the metric level, the components which are modified due to the initial data
perturbation of the “Kerr initial data” are

)

K

802 =Q— Qe OX =X~ Xirr  ab = Yar— yRem - (2.38)
We will have to prove that these corrections are “small” once the connection co-
efficients satisfy the “Bootstrap assumptions”. Therefore, we define the following
norms, we denote globally 6 & (), which will be proved small later on:

P2 |u|' "2 8Q|.. = sup |r|u|*26Q|
Ve (2.39)
|72 |ul* 28X | = sup Y |7 |ul* 28X, ||u|" "0 8Yleo = sup Y [[ue]' 0 S ]-

Vi a Vi ab

2.2 The Connection Coefficients and Riemann Tensor Bootstrap Assumptions

Once V, is endowed with a double null canonical foliation we have to specify
the remaining bootstrap assumptions in V.. They are relative to the connection
coefficients and to the Riemann components: more precisely to their difference
from the analogous quantities in the Kerr spacetime.

2.2.1 Some Dimensional Remarks

All along this paper we use systematically, as a good help, “dimensional” argu-
ments to obtain insight into the various decay factors of the Kerr connection co-
efficients and the Kerr Riemann tensor; moreover, the dimensionality of all the
constants which appear in the theorems and in the various estimates is carefully
specified. All the constants ¢ which will appear are adimensional. The only con-
stants with a natural dimension are M, Ry which both have a length dimension,

23 In the perturbed Kerr spacetime we defined @ as in the Kerr spacetime; this requires some
care. In fact we define it as a function in the {u,u, @', ®>} coordinates while in Kerr spacetime
wp = wg(ry,0,¢) and ry, 0, ¢ are Boyer Lindquist coordinates. Therefore, using the Pretorius—
Israel coordinates we can rewrite it as a function @wg = ®p(r, 64, ¢), and finally following (8)
we express 7, as a function of u and u. This is the expression we use in (V;,g).
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L', and ¢ and & which define the smallness of the various energy type norms
which have dimension: L?. Attention has, therefore, to be paid in considering the
weight factors which appear in the various norms. They are of the following type:
some integer powers of r times |u| factors with exponents 14+8,2+6,...or5+7y
(in the £ norms), or 1+ %,2 + %, ... (see later on). To keep consistent the di-
mension of the various terms in the various inequalities we have to interpret each

5
term |u|**® with k integer as |u|k|£—‘5, in the same way |u|>*7 as |u\5‘;—|yy and also
0 0

£ €
€ 3 . _ - -£
u*+3 as |u\k% We omit hereafter the factors R, o ... ,Ry7,...R,? not to bur-
kg
. . . £
den the notations. Therefore, in all the expressions the terms |u|®, |u|?,|u|2 have

to be considered dimensionless.

2.2.2 The & Connection Coefficient Norms

We write any connection coefficient as the sum of the Kerr connection coeffi-
cient part plus a correction and make assumptions for the estimates of the cor-
rection parts. The O connection coefficients are tensor fields tangent to the S two-
dimensional surfaces associated with the foliation of the perturbed Kerr spacetime,
while the O(Ke™) connection coefficients are tangent to the Sger) two-dimensional
surfaces. Therefore, their difference would not be an S-tangent tensor. To avoid
this problem we observe that 0% assuming it, for instance, being a (0,2) co-
variant tensor, can be written as
(Kerr)

Kerr)P 17 (K
Oluv :H( elT)‘uH( err)

HS™, (2.40)

o
\4

where HKe™) is not S-tangent and ITKe™) projects it on the T'S (Kerr) tangent space.
Therefore, we substitute oXem) with O

Opy = TETIHSS™. (2.41)
where II projects on the 7'S tangent space. Then we will have to prove that the

differences (0 - O(Ke”)) are small (see Sect. . Therefore, we write each con-
nection coefficient as

0=0+60

and we make the bootstrap assumptions on the norms of the §O parts denoted
globally as 8§ &, while we control the sup norms of the Kerr part. These bootstrap
norm estimates control the smallness and the decay along the outgoing or incom-
ing cones. The decay is expressed in terms of a “radial variable” denoted by r
defined, at a generic point p € V,, as

1 |
r=r(u,u) =—|S(u,u)|2. 2.42
(1) = 7 I5(u0) 242)
where |S(u,u)| is the area of the surface to which the point p belongs. Observe that
this variable, although not far from, is different from the radial variable r, = u—u
used by Israel and Pretorius, (8)), in the Kerr spacetime and also with respect to



Title Suppressed Due to Excessive Length 15

the quantity u — u of the perturbed Kerr spacetime. All the decay are expressed
in this variable and in the |u| variable, and we show, in Sect. that all the
various radial coordinates appearing in the Kerr spacetime and in the perturbed
Kerr spacetime stay near to r(u,u), (of course in this external region). Therefore,
hereafter with r, we always mean the quantity defined in (2.42), a well-defined
function of u and u.

Finally, the norms we are using for the connection coefficients are, as in (10),
Or SUp NOrms, | - |e, or (p,S)-norms, | - |5, with p € [2,4], where

Flps = ( /S |f|"dus) " (2.43)

If f denotes a generic connection coefficient the pointwise norm of the integrand
is made with the restriction of the metric on S, ¥,;. Even if we are considering the
norm of the Kerr part we use the y metric associated with the perturbed metric, Eq.
(2:30), which does not change, apart from a constant, the estimates for the Kerr
part. In fact we will show in detail, from the bootstrassumptions it follows, that

the metric 7y, stays near to ygm) , step IV of Sect.

2.2.3 Decay of Kerr Connection Coefficients

We start recalling the general definitions of the connection coefficients, see (10,
Chapter 3), for more details:

1 1
éa = 7g(De4e4vea)> éa = 7g(D€3e37ea)

2 2
1 1
e = —58Deseares), N, =—8(Deseares) (2.44)
1 1
Q —

w = _Zg(D€4e3ve4)’ _Zg(D€3e4ve3)

1
Ca = Eg(Deaezt,ea)-

The decay of the Kerr connection coefﬁcientsE]is the following oneFﬂ
ey e < ;g e < i (2.45)
Po®m| < xM; | o < kM (2.46)
|r3f((Ke”)| < kaM < kM?; \F3Z(Km)| < kaM < kM?

\r4X7trx(Ke“)| < kaM < kM?; \r4ﬂ7trl(Kerr)| < kaM < kM*>  (2.47)

24 Those for the tangential derivatives follows in the standard way, getting an extra r for each
tangential derivative.

25 As try and try are different from zero even in the Minkowski spacetime their norm esti-
mates does not defgnd at the lowest order on M, in fact

ker) _ O(1) | O(M) o) (kemr) _ O(1) _O(M)  OM?)

e R ek i

try

r r



16 Giulio Caciotta and Francesco Nicolo

P ¢Eem)| < geaM < kM?
Vo ®em| < xkaM < xM?, |V < kaM < kM?

where K > 1 is a definite adimensional constant.

The norm estimates in (2.43) refer to those connection coefficients which are
different from zero in Minkowski, those in (2.46)) refer to the coefficients different
from zero in Schwarzschild, but zero in Minkowski and the norm estimates in
(2.47) refer to the connection coefficients or derivatives of connection coefficients
different from zero in Kerr, but zero in Schwarzschild and in Minkowski.

These “Kerr decays” can be easily obtained by dimensional arguments recall-
ing that the Kerr metric, written in the Boyer—Lindquist coordinates, in the limit
M — 0, a kept fixed and different from zero, reduces to the Minkowski metric
written in the “oblate coordinates” and as we know that in Minkowski spacetime
all connection coefficients, with the exception of try and try, are zero, it follows
that performing an % expansion of the connection coefficients, all the coefficients
of the terms in rik which depend only on a and not on M must be identically zero.
The dimensional argument goes as following: we assume the metric written in
“cartesian” coordinates, namely coordinates with the dimension of a length: L!.
Then as the metric tensor has dimension L? its components guv has dimension
L?. Proceeding in the same way it follows that the connection coefficient compo-
nents have dimension L~! and the same happens for their norms. Therefore, as for
instance, ] = L™, it follows that in Kerr it must be

o (Ker) OlaM
X(Ke ) (r3 )

Moreover, as in Kerr spacetime a = J/M and we consider those spacetimes where
J < M2, it follows that a < M and the Kerr coefficient satisfy the condition

|r32(Kerr) | < K'Mz.

The bounds for X and wXe™) and for try®e™ and trl(Kem are different as

they reflect the fact that w(Ke”), Q(Ke“) are different from zero also in Schwarzschild
and try Kem), try (Kerr) eyen in Minkowski.

2.2.4 The 6 0 Connection Coefficient Norms

The assumptions

60 < g (2.48)
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summarize the conditions on the connection coefficients and their tangential deriva-
tives, Wl, with0 <1< 4

|72+1|M|2+8W13t1‘)(| < g |rl+l|u|3+8W13trl| <&
|r2+l|u|2+8X7162| < & |r1+l|u|3+8WISZ| <&

P u oW 8¢ | < e (2.49)
|72+Z|M|2+8W150)| < g, |rl+llu‘3+6W15Q‘ < &.

Remark 1 The choice of the & coefficient is connected to the decay of the Rie-
mann tensor. § > 0 is required to prove the decay in agreement with the peeling.
6 < 0 could also be chosen, as discussed in the introduction, but, in this case, a
weaker decay for (some components of) the Riemann tensor follows

In conclusion the second of the “bootstrap assumptions” we are requiring is the
following one:

(Assumption II): In V, the connection coefficient norms satisfy the following
bounds: 60 < g,.

2.2.5 The 6% Null Riemann Component Norms

We start recalling the general definitions, (10, Chapter 3), of the null components
of the Riemann tensor with respect to the adapted null frame, where W is a generic
Weyl tensor and X ,Y are S-tangent vector fields,

AW)XY) = W(KoesYoes)  BOVIX) = W (X ese5,00
p(W) = iW(e3,e4,e3,e4), G(W) = %*W(637€47€37€4) (2.50)
BOV)(X) = W (X,enener),  alW)(X.¥) =W (XeV,e5).

As done for the connection coefficients, to prove our result we “subtract” the Kerr
part of the Riemann tensor. Therefore, writing all the various components of the
Riemann tensor as

R :R(Kerr) +5R

we state bootstrap assumptions on the norms relative to the “correction part”, we
denote globally 6.%. The norms bounded in the “bootstrap assumptions” are the

26 The bounds foe 1 and 1 follow from these ones in the adapted frame, see for details
(10 Chapter 3). o

27 The factor |u|® could also describe, symbolically, a log factor, for instance |12 |u|?*3 Stry| <
&y could mean

1

otry| < -
O] = 80 e Tul R 2 u P
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sup norms of the various null components of R and their tangential derivatives@
In a compact way

8% < &, (2.51)

and in more detail, with [ < g — 1:

e £
supr5+l|bt|2 |X710‘(5R)| < &, Sllpr4+l|“|1+2 WINSR)' < &
v, Vi

*

sﬁpr3”|u|2+%w’<p<6k> —p(8R))| < &,

*

341,124 € vl —sn) (2.52)
supr~ " |u[*" 2|V (c(8R) — 6(0R))| < &
supr* >3 (¥ B(OR)| < 0, supr!™Jul** 2 |P'a(8R) | < e
Finally, we add a bootstrap assumption for p(SR),
sup | |u>*2p(8R)| < &, (2.53)

*

where p denotes the average over the S surface.

Remarks 1 (i) The exponent § appearing here in the decay factors has to be
assumed, at the end, equal to & to complete the proof of the main theorem,
Theorem[31] This € has not to be confused with the € denoting the smallness
of the initial data in (T.2).

(ii) The estimate for @(SR) is not yet the estimate for a(R) as we have to add
a (R<Ke“)), the same, of course, for all the remaining components. In fact,
all the Riemann components contain also a Kerr part, even the components
different from p and ¢ as we are not using the principal null direction frame,
see (2)) and later on for its precise definition. The precise estimates of the Kerr
parts are given later on in Sect.[3.3.5

In conclusion the third “bootstrap assumption” is the following one:

(Assumption III): In V, the norms of the components of the correction to the
Kerr Riemann tensor, OR, satisfy the following bounds: 6% < &.

3 The Results

3.1 The Main Theorem

Theorem 31 If the bootstrap assumptions, (2.48), (2.51), (2.33) hold with 6 = %,
the following smallness assumptions are satisfied,

2

& M
—=<e<g,—K1 3.54
R % Ro (3.54)

28 Once we control the tangential derivatives, via the Bianchi equations we control also the
derivatives along e3 and ey, see (10) for the more delicate control of D,, @ and D, &.
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and the smallness of the initial data is controlled by a function 7 explicitly de-

fined in Sect.[3.6] Eq. (3.232),

7 (Z0,R; 8%, 8Ck) <ee, (3.55)

then in the V, region the following bounds are satisfied:

™

0

50<2 s#<D sup|PluPip(oR) < 2. (3.56)
2 27 ) 2

This theorem is the main step to prove the global existence and the peeling prop-
erties in the external region defined by the condition [u| > Ry (see also Sect.[3.7).

3.2 The Structure of the Proof of Theorem

The proof of Theorem [31]is divided into many steps we list in the following:

I step: The definition of the .2 norms

We denote . the 2 norms associated with R = .& 1, R; their explicit expression
will be given in the sequel.
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11 step: the estimate of of the 2 norms and of p(R)
We prove that under the bootstrap assumptions ([2.48), (2.5T) and initial data such
that on Xy:

Dy, < g% sup |r6+%p(1§)| < ce
Zo/Br,

we have

- M € ~ &
Szt pie)s sl o ®)I < L. (3.57)

*

IIT step: Proceeding basically as in (15)), we prove that from the results in the
first two steps all the norms 0% are bounded by %0 The proof is divided into
many consecutive lemmas; it requires also the control, based on the 6 & bootstrap
assumptions, of the deformation tensor (To)g,

IV step: We complete the proof of Theorem [31]showing that, using the results of
the previous steps, we have

50 < %. (3.58)

This last step is divided in three parts to do in a precise order, namely:

(a) Using the bootstrap assumptions for the § & norms, § & < g, we prove that,
under the initial data assumptions, the metric component corrections norms,
defined in (2.39), satisfy,

500 < cg,. (3.59)

(b) Using this result plus the initial data assumptions and the bootstrap assump-
tions, we obtain that the connection coefficient norms satisfy

50 < % (3.60)

(c) Finally, we prove that under this result also the metric components corrections
have better estimates, namely

500 < % 3.61)

This last result will be needed with all the other ones to perform step VI.

V step: In this step we collect all the required initial data conditions and show
how they can be satisfied imposing a global decay condition for the initial data
and the smallness condition (3.53).

VI step: In this step we recall how, by a partial local existence theorem, in view
of the previous results we can extend the region V, showing that it has to coincide
with the whole spacetime.
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3.3 Proof of the Various Steps

We call a constant “independent” if it does not depend on a, M, &, €.

3.3.1 I Step: The Definition of the 2 Norms

These norms, we denote Q, are analogous to the O norms defined in (10, Chapter
3):

~ -1 _
D(u,u) = 2, (u, u)+°@2(u u)+ ) 2 (uu)
= (3.62)
~ ~ ~ -1 _
Q(u,u) = 2, (u,u) + 2o (u,u) + ) 2y (u,u),
i=2
where, with S(u,u) C Vi, we denote
V(u,u) =) (S(u,u) NV,
Q= [ TOZR) KRR es)
C(u)NV (u,u)
t [ WPTOZR) R R, T )
C(u)NV (u,u)
D (u,u) = / US0(ZL0Z1R)(R,R,R, 1)
C(u)NV (u,u)
+ / W TQZR (R K. Tex)
u)V (u,u)
ul>70(Zs.Z1R)(K,K K e4) (3.63)

)NV (u,u)
—1 ,
{ - |u|5+yQ($T.$loR)(K,K,K,e4)
uu

\uP”Q(z’“w, R.T,e)

/ )NV (u,u)
/ — M|S+YQ(.§/£5$T$0 )( I? k,€4>} (364)

9, (u,u) = / |u|5+7Q(,§ﬂTR)(k,k,k,e3)
C(u)NV (u,u)

# [ TOZoR)R R, T es),
C)NV (u,u)
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Fy(u,u) = / WL 02 1R)(R K R, e3)

(ue,u)

)NV (u,u)

u>70(Zs.Z1R)(K,K K, e3) (3.65)
w) NV (u,u)

Clu)n
/ u*TQULGR)(R.K.T.e3)

—1
() = { UL LR R R R
A)NV(A v

/ P 1Q( Lo 'R)(R,K, Ty,e3)
NV (u,u)
/ |u|5+7Q(353r0$'0“)( kk,e3)}. (3.66)

)NV (u,u)

and
Fy(50) = / > 10(LrR) (R, KK, T)
Zoﬂ %

+ lu>"Q(ZLoR)(K,R,T,T) (3.67)
XNV

(%) = /Z » u[S70(Z0 21 R)(R,K,K,T)
0 *
[ WO GR (KK T.T)
Vs

+ [ WO ZrR)(R KR, T). (3.68)
J XoNVy
o s i P
Y 20 =), { | W0 Zr ZoR) R R R.T)
i=2 i=2 U/ ZoNnVs

+ AT R R R )
+ / AP0 252 25 R (R IZK,T)} (3.69)
LoV

We also introduce the following quantity:

Dy, = swp {2(uu)+ 2w} (3.70)
{u,g\S(u,g)gv*}

The initial conditions have to be chosen in such a way that the g, é norms are
bounded on X:

~ ~ =l _
21(Z0)+ 22(%0)+ Y, 2(4)(X0) < €. (3.71)

Let us look at the differences with the similar norms in (10, Chapter 3):
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®
(i)

(iii)

In these 2 norms a term associated with p(R) is not present, differently
from the definitions in (10). )

We are considering these norms associated with the Weyl tensor R = . R
which can be interpreted as the “time derivative” of R; this is required, as
discussed in the introduction, to “subtract” the Kerr part of the Riemann
tensor. B

The weights of the .2 norms have an extra decay factor, |u[>*7, with y > 0.
It has the effect, in a complicated way shown in the following lemmas,
of giving a better decay for the various null components of Z 1,R. This
improved decay is required, first, to guarantee that the decay of Riemann
tensor be in agreement with the “peeling”’; second, to recover the estimates
for the Riemann tensor by “time integration”

Once we prove that these norms are bounded in V,, the null components
of Z1,R, &, B, ... decay with an exponent 5 + £,44+5,34+5,.... depend-
ing on the null components we are considering, with € = y. Observe that,
assigned 7y in the £ norms, the 2|5, norms are bounded if the Riemann
components on Xy decay with an & > 7, implying that the correction of
the metric components have to decay on Xy toward spacelike infinity as
O(r(+2))

Finally, the connection coefficients satisfy the structure equations which
depend on the Riemann tensor so that the exponent factor § must be equal
to 7/2, see later on, and 6 must coincide with the exponent €/2, see Lem-
mas In conclusion, in the bootstrap assumptions for the §&
norms we have to choose

y=25=¢€(0,8).

2 To perform the “time integration” the |u| exponent could be less the 54 7. To have the same
decay as in (10), 2 + 7 would be enough.

30" Therefore, as starting from the .2 norm with a weight |u|>*7 it follows that the sup norm
estimates for the Riemann components have the same factor 7; this implies that there is a loss of
decay going from the initial data decay to the decay of the Riemann components in the whole
V. and therefore, on the whole spacetime.



24 Giulio Caciotta and Francesco Nicolo

(iv) In the definition of R = & 1, R the vector field Tp is

Q X(Kerr) TX
T = — —_—
0="5 (e3+eq) >
Ty is a “nearly” Killing vector field if the corrections to the Kerr metric

are small and equal to % in Kerr spacetime. Vice versa in the 2 norms
definition

(3.72)

T = %(63 + 64) (3.73)

is one of the vector fields saturating the Bel-Robinson tensor and also ap-
pearing in the various Lie derivatives of R. The reason for the use of both
T and Tj is that to go back from R to the “time derivatives” of the compo-
nents of R controlling both the norm smallness and the “peeling decay” we
need to use 7y which is nearly a Killing vector field. Vice versa to obtain
from the control of the .2 norms the control of the null components norms
of R it is crucial to have their integrands positive which requires to use the
vector field T = % (e3 +es).

3.3.2 Il Step: The Estimate of p(R) and of 2 in V,

Theorem 32 Let the bootstrap assumptions hold in V,; assume that on X
the initial data satisfy

sup [F*ip(R)| <er Ty, <& (3.74)
Zo/Bg,

with € = 7; then in V, the following estimates hold:

f 0

1
= 1 M \? ~ M
s‘l/lp\r3|u|3+%p(R)|§clz <£+<R> so>; Q§c1<82+R0£§> (3.75)

where c is an adimensional constant independent from M.
Proof. The proof similar to the analogous proof in (15) uses a bootstrap inside the

region V;.. The rationale for it is the following: to prove the estimate for p(R) we
need to control the other null components of R. These are controlled in terms of

the Q norms which at their turn require, to be controlled, an estimate for p (R)
Let V, = J)(S(u(Ro),u,)), we consider V = J(_)(:S'(u(Ro),Q)) C V. where
it < u, is the largest value of the variable u such that in V' the following estimates

U=
ﬂol

1
€ = 1 M\2 - M
sup |l 5 p(R)| < ] <£+ (%) 80); Iza(e+pa) 6
v 0

%4 0

31 The bootstrap we use here is different from the bootstrap we need to extend the region V,;
in fact the main bootstrap assumptions refer to the null components of R = R — RKemm) and not
to those of R = .,éﬂTOR.

32 u(Ry) is the value of ul|5, = r, associated to r = Ry.
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with ¢; > 1.
The transport equation for °p (R 1s.

d 1
G
7P = 5077

where
Qtry — Qtry - 1.
= —( =5 )r3(p—p)—|—!2r3<dﬁvf2~ﬁ—2n~—zx-a—i—c-ﬁ)].
(3.77)
Integrating along the incoming cones we obtain
PPl < Pplwo.) + [ 1P G0l ) (378)
ug

Using the connection coefficients sup norm estimates 2.47] the boot-
strap assumptions |2.48| recalling that in the external region |u| < r, we have

M? ., M? M?
1761 < (510~ Pl APl + e,

M> 5 aps M> o s
§C<2||4+e|r| |+2(P—P)|+W\r ju*"2 B
M? st
+ —|r|u +7a 3.79
S |> (3.79)

The norms of the R null components in (3.79) can be bounded by the 93 quan-
tity exactly as it was done in (10, Chapter 5), with the only difference that R is
substituted by R and 2 by 2. Therefore, using the second inequality in (3.76),

£ __
|7 ul** 2P (u,w)

_ M? .
< (|r6+§P|(uoyu)+0232>

M? %
<|&+c—cq

R}

5

(% 5) (z) @
SC 1+ 261 €+ cc 1 —_—
R; R

1
< cl% <£+ (g))z%) (3.80)

33 The derivation of this equation is in Ref. (10, Chapter 5).
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provided € and M /R, have been chosen sufficiently small and ¢; > ¢2, so that

M ) I M\?
(1+CR2 ><c1, C(Ro) < 1. (3.81)

The control of the £ norms in V,. We are left to prove that in V the second

condition of
~ M
9 <¢ (82 + 83) ,
Ro

can be improved. This requires the estimate of the error & = 9 — 920- The es-
timate of the error proceeds basically as in (10), the main differences being that
in the definition of the 2 norms there are extra weight factors. Let us study some
error terms analogous to those discussed in (10, Chapter 6).

Let V C V and consider one of the terms in fv |Dva(,$0R)M5
(KPKYT?)|, namely the first term of

/ o4 1u*D(0, Ryaaa = / U a(ZoR) - 0(0,R)

(ue,u) (ue,u)

—/ uPt7B(ZoR)-Z(0,R)  (3.82)
(

u,u)

We have

1
N - 2
< (sup Ji u’4|u|5”|a<foR>|2)
v JC(u's[ug,u])
1
u d 2
<[lar ([ wuEe.RF)
ug C(u'[ug,u])
1

2
<c£22/ a'y, </ £ 700 (0,R)|2> . (3.83)
€ lug )

The term with i = 0 is the only one not present in the (10) error estimates, the
reason being that in that case the Riemann tensor Ryvpq satisfied the Bianchi
equation DR,yps = 0, while here

‘/ tHu Y a(ZLoR) - ©(0,R)

DI‘L"%TORI"VPG # O.

We show in detail how to control it; for all the remaining error terms, we refer to
(8) where a detailed discussion on the other terms is done and to (10, Chapter 6),
where for the 2 norms, the control of the error terms is done in a very accurate
way.
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The term in the error with i = 0, absent in (IO)PEIis proportional to

1
~1 ru - 2
Qé/ du! </ u’4u|5+7|®(0)(0,R)|2> . (3.84)
ug C(u'3ug u])

This term arises from the first term of

3
D*(Z0oR)pys =D*(L0Z1,R)pys = LoD (L1R)pys + Y, T (0:R)pys-
i=1

(3.85)
As, see (10), Chapter 6, Egs. (6.1.6)
ZoD*(Z1,R) = ZL0J(To,R) = L o(J (To,R) +J*(To,R) + J*(To,R))
(3.86)
the term we have to estimate is
55 [ 4) 15471 & 2 :
9z / du/ < / LU L oI (To, R)| > . (3.87)
up C(u'3[ug.u))

This term has to be treated in a different way from the remaining ones as it cannot
be bounded in terms of the 2; in fact, it depends on R instead of on R.Ttis easy to
recognize that all the terms in which we can decompose J(7p, R) can be estimated
in the same way; therefore, we consider only J!(7j,R) and again all the various
terms which compose it can be treated in the same way, see (10, pp. 245-247).
They all have the structure

MgpR + Mgl (3.88)
r

and recalling that 7y is nearly Killing, it follows that the generic term of
Z0J'(Ty,R) considering, for simplicity, all these norms being sup norms, sat-
isfies the following bound, with o > 0,

&
r2|u|>+8

€

2 gl T
|-ZL0oJ" (Th,R)| < A 0)”||DR| < Cr5|u|2+6+c R(l)fc’

% < (3.89)

remembering that % does not improve the decay. Substituting this estimate in
we obtain,

1

~1 [ru n 2
[l ([ N Zo R
o C(u'3[ug,u])

1
oM 1 :
<c22¢g / du’ (/ u/4|u|5+y>
\% R(l)fo' "o Cll'slu &])7 r10+26‘u‘4+25+26

34 There is an analogous term which is not present in (10) coming from the error term

fV(u Y \Din(.,?TI?)MS(KﬁKVT‘s)L its estimate goes exactly in the same way and we do not
report it here.
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1
~1 M v i 1 2
<cQ2¢g / du’< drrS|u’PHY >
Vv R(l)fcr 0 lul r10+2‘7|u’\4+25+2"

1
7 1 2
<CQ280 1 6/ du|u‘2+2 5</|/d r4+2‘5) (3.90)
Let us choosd|
5> %’ (3.91)
then the last integral satisfies the following inequality:
~1 ru
2z / ! ( / WU Lo (To, R >
U C(u'3[ug,u])
~1 1 1 LM
<c2? 7/ du'|u|2 2 —
= VSORI—G o ] |u’|%+ Zvé Ro
M
<£2V +& RO) (3.92)
If this were the only error term we could write
M
&) <C<QV+83RO> (3.93)
and
~ ~ M ~ M
Dy < 95, + chfzv +c—gl (3.94)
0 Ro
implying
~ 1 ~ c M M
9y < 2 g < € 3.95
Vﬁl—cﬁ”—0 20+(1_R>R00 2( +R ) (3.95)

choosing c¢; appropriately. Clearly the estimates discussed here and in (5) for some
of the error terms to prove the boundedness of the 2 norms, are far from giving a
complete proof of the result; in fact, the error term is made by a great number of
integrals, more than one hundred, and their complete estimates would take a huge
number of pages. On the other side, these estimates have been done in a complete
way for the 2 norms in (10, Chapter 6), and what we want to point out here is
that, apart some differences explicitly examined, the way of controlling the error
terms follows exactly the same pattern and therefore the present proof is just a
consequence of the proof given there.

35 To complete the bootstrap procedure we need the equal sign, see Sect.
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3.3.3 HI Step: The Control of the % Norms

In the previous step we have proved estimates (3.75)). In this step using these
estimates we prove estimates (3.56) for all the null components of the correction
to the Riemann tensor SR = R — R(Ker),

Theorem 33 Assume that in V, the estimates 2.48) and 2.51) hold; then, in V.,
we have

0% <

N\g

(3.96)

Proof. The proof goes basically as in (15). We repeat here the main steps stating
the various lemmas which prove the theorem.

Remark 2 In the following Lemmas [31]. .. [36] we prove the estimates for the sup
norms of the null components of 0 R. To complete the bootstrap we need analogous
estimates for their derivatives up to / = ¢ — 1. Again, apart from notational compli-
cations, the more delicate part is the control of the non-differentiated components.
The remaining estimates are just a repetition and follow the pattern discussed in
10).

Lemma 31 Assuming the estimates (2.48) and the condition

M
— <1 97
R0<< (3.97)

it follows that the various null components of R = & 1, R satisfy the following
inequalities with an “independent” constant c; > c1 and € = :

Supr2|u|2+2|(x($TR>| < c (8+N )

supr2|u|2+2|[3 ,,?TR )< <8+ NO>
supr[ul** 2 |p(L,R) — p(Z1R) (s+ 80) (3.98)

H No
31,,13+% & €
suprlul* 2 |o(ZLR) — 0 (ZLR)| < o2 [ €+ —
H Ny
g

sup 2Juf* 5 B2, R)| < e (e+ 0)
No
5+% €

supr|u| I|a(ZhR)| < c (8—1—) .
No

Proof. Under the estimates [2.48|and the condition

1
—< =K1
Ry Ng
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with Ny positive integer, we proved in Theorem [32|the inequalities

3 M £2 & \2
I<ee+—e) <ale+2 ) <eife+—~
= 1( Ro 0| = ¢l Ng S Cq No
|
€ = 1 M\?2 1
suP|r3|u‘3+§p(R)| <cf <8+ <R> go> <c? <8+ ;0>
Vi 0 b

From it proceeding as in Chapter 5 of (10) the thesis follows.

Next lemma shows that integrating along the incoming cones in V,, we can
transform the decay in |u| proved in the previous lemma in a better decay inr.
Lemma 32 From the results of Lemma[31) using assumptions (2.48) and also the
condition

(3.99)

the following estimates hold:
supr5|u|lJrz lo(Z7,R)| < &

supr*|ul**2|B(L7R)| < &

*

(

(
supr 4 () p(Z)] < e+

(

o

)
)
)
)
)
)

(3.100)
sup P |u** 3 |6(Z1,R) — 0(ZL1R)| < es e+
supr”|u[*"EB(ZL1,R) < 3 e+
v, -
supr|u|5+2 (L7 R)| < c3 (8+
with an “independent” constant c3 > ¢y > ¢ > cg, and ¢3,C4 satisfying
&G>c(l+"+"+ ") (3.101)

where c is a constant > 1, which can be different in different inequalities, where
c/// c//// Satl's‘]cy

" > cK (cz—i—coRM) , "> CCQKM—Z2 (3.102)
0 R
&> (1 +cq) (3.103)

and

M? 1 M2
cs> G <1+x2) + K —- (3.104)
RO RO
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Proof. This Lemma is basically Theorem 2.3 of (15) (see also (11) where the way
of transforming the |u| decay in r decay was first introduced). As it is one of the
central step of the whole result we repeat its proof for the § component.

Proof of the second line of (3.100). From the Bianchi equations, see (3.2.8) of (10)),
it follows that B, = B(.Z 1, R)(e,) satisfies, along the incoming null hypersurface
C(v), the evolution equatio

9Ba A
&ﬁ +Quyp, =2Q20p+Q [Wap + W, 0+2(2Bat3Mp+M0)a

(3.105)

From this equation, see Chapter 4 of (10), we obtain the following inequality:

d

(2-2) e — 2-2)
" P Bles < 2@ — (1-1/p)(Rtry — Quyg)[[e[r™ 77 Blp.s

_2 _2 2y~
121 (1172 Wl s + 3> P mpl s+ 10 F )
(3.106)

where F(-) =23 -B+(*Vo +3*n O')Integrating along C(v), with 21 =u|c(v)nz,»
we obtain - a

_2 _2
P2 Bs(A,v) < [F270) Bl s(A)

A
+ [C 12— (1= 1/p)(@ug ~Bup)||r® P Blps (V)
1

A 2 A 2 1 /A 2y .
+112]w / 2=3) +3/ =npl, +7/ @3 f
1]l (M [r =P ¥plps A el st A r

In V, the previous assumptions imply the following estimates:

p,S> .

IF2|Q0|. < kM and [|r|A]|Q(try — Qug)|| < kM.

Therefore, we can apply the Gronwall’s Lemma obtainingFE]

2-2 2-2 A 22
[P Blps(A,v) < e |lr 7 Blps(h) + |2l //1 [ ¥plps
1

+ 3/A| 25 np s + 1/l| 25| )] (3.107)
T — | | )
A nPlp.s 2 p.S

36 All the notations used in this paper without an explicit definition are those already intro-
duced in (I0). The moving frame compatible with equation [3.103]is the Fermi transported one
(see the detailed discussion in (10, Chapter 3)).

37 The term *Vo + 3*1 0 behaves as the term ¥.p +3n.p and, therefore, we will not consider
it explicitly.

38 The constant ¢ can be chosen as an “independent” constant for the following reason: in this
application of the Gronwall Lemma the constant ¢ has to bound the following exponent

/°° KM < kM
ex — exp —,
PUW 22 =R,

therefore, under the assumption of the lemma we can choose ¢ > e.
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From inequality (3.59) and the explicit expression of &™) || Q]|.. < ¢, multiply-

ing both sides by 2|42t T, with £ > & > 0, remembering that r(4, V) < r(;,V)
and |A| < |A;], we obtain

_2 e _2 e
A HAPE Blysaov) < (1°HAR Blos()
A2 ¢ A2 el
4 [ IR P T plpst3 [ 1P Tl
1 1
1A 42 ¢
+7/ T "|7V\2+7F|p.s)- (3.108)
2/ ’

We examine the integrals in (3.108).
This first integral has the following estimate we prove in the Appendix:

r4—%|1\3+5ﬂ7p(1?)‘ < <e+8">. (3.109)

p.S No

Therefore,

A 4 2)/2+€// A 1
ror 2 <C &+ /7,,
[ e S s < en 0) [

|
gc”<€+80> e (3.110)

To estimate the second integral, observe, recalling assumption (2.48), that 1 sat-
isfies

PP IA M ps(A,v) < kMP, p € [2,%9]. (3.111)

Using the previous estimate for p(R) in V. and the results of the previous lemma
we can conclude that

e ~ M &
sup r3|/”t|3+7p(R)’ <(erteco e+~ );
v, Ry No

it follows immediately
/ |r 17|A, |2+2np‘pS<KM <C2+C0)< 0> ;
Ny )Ll rA! |2+8 il
al )( W
< CK* cy+co o
=
g C/”<8+ £O>
0

with
M? M
"
¢’ > cKR—(Z) (cz—l-coRO> . (3.112)
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To estimate the third integral, from the expression F(-) = *Vo +3"c +27 - B
and the previous remark concerning *¥o + 3™, we are left to prove that

A 42 &
[ PP s < e (3.113)
ﬂ.] -
This is easy, as, from the estimates (3.98)) and (2.48), we have

&
sup\r2\7t|4+§ﬁ| < <£+ NO>’
a = 0

s ) (3.114)
SSPIMIF PRlps < kKM"  p€[2,00].

Therefore,

A 2 "o & A 1
/ \r4 p|7U|2+87F|,,,5 <eole+2 KM2/ _—
4 ’ No A |A/|3+E*;

80) M?* 1

RS 1255

<" <£+ <0 ) L (3.115)
A2

with
2

2
n
¢ ZcoK— > ceK—. (3.116)

Ry Ry

Collecting all these estimates for the integrals in (3.108]), we infer that
2 Z
PR Bls(A.v)

2 & 1
<c |r4 pM’|2+7ﬁ|p,5()~l)+(C”+CW+C/N/) (8+;0>£_£N
0/ A=

1
SC(]—O—C”—}-C’U—I—C//U)(E—F80)

No/ |p |55
1
No/ 25—
and finally,
4-2 24 £ - &
|rpMzmwst@G+%) G.118)

where we used the initial data assumptions 2y, < £ which implies, assuming
€<y,

2 B
[amG \Mz+§ﬁ|p,s(7h,z: A1) < ce.
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To prove the sup estimate in we have to repeat for ¥f3 the previous estimate
for 3. This requires the transport equation for ¥f3 along the C “cones” which in
turn requires the control of an extra derivative for p and ¢. This is the reason why
we need a greater regularity in the initial data which translate in the definition of
2 norms with more Lie derivatives than in (10). We do not write the proof as it
goes, with the obvious changes, exactly as for the 3 estimate. Therefore, we have
proved the following inequality:

Supr4\u\2+2 IB(ZLrR)| <& <8+N > (3.119)
0
with
&G>c(l+"+"+ ") (3.120)
where ¢, """ satisfy
M? M M?
" >ck—(catco— ), ">cox—. 3.121
R < 2R = R2 ( )

The analogous estimate for o follows the same lines; we do not report it here and
we refer to (5) where it is written in all the details.

Next Lemma allows us to go from the estimates of a(.ﬁ” R), ... to the esti-
mates for o(.Z TOR), ...; it is (a simplified version of [*”) Theorem 2.4 of (15). To
prove it we have to use some norm estimates for the components of the (M) de-
formation tensor based on the 6 & bootstrap assumptions. Moreover we also use
the estimates of the norms of the Riemann tensor R = RXe™) 1 §R, which requires
the control of the various components of the Kerr Riemann tensor.

3.3.4 The Mg Deformation Tensor Estimates

The explicit expressions of the null components of the (0)zr deformation tensor
are

0)7'5(63,63) = (64,84) 0

V7(e3,e4) = 4(0+ @) — (8(D3X, e4) + g(DaX, 3))

)i(e3,eq) = 2Q8 (eq) — g(D3X, €q) — g(DaX, €3) (3.122)
")(eq,e4) = =228 (€a) — 8(DaX, €4) — g(DuX, €4)

TO)n(eaa ep) = Q(x +X)(eaveb) —(g(DaX,ep) +8(DpX,e4))

39 The reason is that in V, the bootstrap assumptions are stronger than those which can be
done “ab initio” on the whole spacetime in (15), see the initial discussion in the introduction
there.
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They are identically zero in Kerr spacetime. Under the bootstrap assumptions [2.48]
we prove the following estimates:

|r2|u|2+5(T0)ﬂ:(63,e4)\ < cg
|r2|u|2+5(TO)7r(e3,ea)\ < cg
1P uPH0 M0 (e4,e4)| < cgg (3.123)
1P ul M (e,, )| < cgg

The proof follows immediately from the bootstrap assumptions and from
the estimates for the metric component corrections, (3.59), with the only exception
of the estimate of the D40X part which requires a separate estimate proved in
Lemma 6.1 of (5)). Observe that in the Kerr spacetime

(8(D3X, e4) +g(DyX, e3)) ™ = 0
(g(D3X,e1) +g(D3X,e)) 5™ =0 (3.124)
(g(D¢X7 6¢) =+ g(Dd)X’ e¢)) (Kerr) =0.

This implies that the following combination of the connection coefficients are
identically zero in Kerr and, therefore, in the perturbed Kerr they satisfy the fol-
lowing inequalities:

2|u|2+5( 2|u|2+5(

|r 0+ )| <c&, |r try +try)| < c&

512 1246 < 51,2 1246 < (3.125)
Ry [ul ™ (x + x)aa| < cgo, Ry °|r|ul™° (X + x99l < c&o.

Remark 3 The estimates of the (7o) components are required to move from the
estimates of the .2 1,R components to those of the .Z’7y R, later to the estimates of
the dz,R components and finally to the 6R ones. To prove that they have the right
smallness and the appropriate decay we need to control the corrections 8O. It is at
this point that, to close the bootstrap mechanism, we need the transport equations
for the § O parts which require the delicate subtraction of the Kerr part from these
equations, we discuss in Sect.

3.3.5 The Riemann Null Components in the Kerr Spacetime

The “principal null directions” frame {/,n,ég,&, }, see (2), is made by the follow-
ing vector fields, where r is the Boyer—Lindquist radial coordinate ry:
P+d>d a d d
=— 5+t =+t
A Jdr Ad¢ OIr

A (rP+a*>d a d d
”‘22<Aat+4a¢‘ar)
.1 0
ee_ﬁﬁ’

=\ T Sine a¢
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where [, n are the principal null directions. As, in the Petrov classification, the Kerr
spacetime is of type D, in this frame the only null Riemann component different
from zero are p and o or, in the Newman-Penrose notations, ¥,

. 1 1 3acos0 1

Beside the fact that our initial data are not exactly those of the Kerr spacetime due
to corrections 0 (3>g and & (3)k, the null orthonormal frame we use is not the one
associated with the principal null directions. Therefore, in the frame introduced
in (8)), all the Riemann components of the Kerr spacetime are different from zero.
The relation between the frame adapted to the (Kerr) double null foliation of V,
see (2.32)), and the “principal null directions” one is

(Kerr)
€y

\/Z'zszr 2, o RIr\2Z T
—22R_<r +a >l+ r >A 2fas1n66¢
(Kerr)

Al RX RXr\ 2%
= 7\/> <r2—|— 2 r> I+ (rz a® + r> —2VZasin Ge¢
Q

2XR A
e(Kerr) _ Gn— Aip I— gl’l
A VIR T 2ER A
2., 2
(Kerr) I~ +a” _ A 2X
€y = TR éy — 2R2as1n9<l+An .

Where@]

0* = (P +d®)? —d*A, PP =a*(A —sin6?), £ = uPQ, A =sin®6,.
(3.127)

Assuming M /r < M /Ry small the previous relations become approximately

el
= rro ()0 (*)a) -

) :§9+0<A;[) (1—2n), e¢:E¢—|—0(Ar4> (1+2n).

40 4 is an integrating factor defined in (8) equation (25) and 6, is in the M — O limit the

spherical 6 coordinate of the Minkowski spacetime.
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Denoting with the upperscript (PN) the Riemann components in the “Principal null
directions frame”, we have

M? M?
a(Ke“)(ea,e;,) = R(ga’g4’gh’e4) =0 < 2 >p(PN) +0< >£ah0( N)

M M
B(Kerr) (ea) _ 2_1R(ea,€4,€3,64) -0 <> p(PN) +0 <) SabG(PN)
r r

(3.129)
which implies the following estimates:
1P o (RE) ||, < eM?, ||/ B(RE™)||0 < M. (3.130)
Estimates (3.130) and the “Bootstrap assumptions” for SR imply[*]]
1P (Rl < M + e, [|F*B(R)||ew < cM? +5;° (3.131)

We are now in the position to obtain from the &z 1, R estimates the £z, R ones.
Lemma 33 Under the same assumptions as in Lemma[32] using the results proved
there we have in the region V, the following inequalities:

2
51, 11+5 x € M
supr’lul T2|a(ZLT,R)| < | €+ — | +c—=&
up ! a2 ) < o4 2 )+
& M
sulf’r4|“|2+2 IB(Zn,R)| < ¢ (8—1— NZ) +cR—080
£ &
supr3|u|3+2|p($T0R) p(.,?TO | <c <8+N)
V% 0
£ &
Supr3|u|3+2|6($TOR) <$T0 S 5<8+N>
H 0
€
supr2|u|4+2|[3(.$TR )| < 5<8+N(())>
5+ &
supr\u| 2|lo(Z1,R)| < ¢ 8+N—0
where, we assume & > §,
G >0+ o> (Gatcd). (3.132)

41" Tt has to be pointed out that the estimates (3.130) refer to the various components of the

(Kerr) Riemann tensor in the orthonormal frame associated with the Kerr spacetime, what in
fact we have to consider here are the null Riemann components relative to the null orthonormal
frame associated with the perturbed Kerr spacetime (see Eqgs. (2.28)). It is easy to see, using the
bootstrap assumptions for the metric components, that estimates (3.130) still hold possibly with
a different ¢ constant.
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Proof. We start recalling the following expressions:

E(tr<T0>7r)R, (3.133)

. 1
Z1R=Z1R+ = TR] - <

2

where

(To) [R]aﬁya — (To)ﬂ(F;Rwy(s + (To)n[/;‘RaMa + (To)n}lfRaﬁ“s + (TO)ﬂgRaﬁyu~

(3.134)
From these equations it follows
N 1 3
(L1 R)ap = AL R)ap + 5 Rlaapa — 2 (e 1) (R)
| 3 (3.135)
B(gToR)a = B(fToR)a + E(TO) [R}a434 - g(tr(TO)n>ﬁ(R)a

and, observing that (1) 4y = 0 we easily obtain
)R] 44p4

Lig) A . . 3
= _E(TO)na4R34b4 + <(T°)7TacRc4b4 + T i Rases + 1 (tT(TO)ﬂ)Ra4b4>
Loy . L7y~
) 70) ft43Ragpa + ) R (Racoa + Rasve) — §<T°) TpaRaa34-
Therefore estimating (70) [R]14p4 We obtain
170 R aapa e < ((ll\(TO)iIHm +[17050) 0 (R) o + H<T°)m||w|\ﬁ(R)Hw>

1 : .
= C<r2+5|7t|2+5(|r2|7tl“w°>llm+ 12| A P+ ) 1 o (R) |

1
; Nﬂmﬁ“mmpw%mmg

< ! So(R ! *B(R
S cg WHF o( )HOH_WW B(R)|l--

c& ((CM3+58()) (CM2+C~1€Q(()))>

< r5|l|1+% r2|l|1+5*§ rlM]Jﬂs,% (3.136)

where in the last two lines we used estimates (3.13 1)) so that, finally,

34¢ (cM? +¢22)
519 [1+£(Tp) (cM” + &) Ro
7|42 [R]a4b4||mSc:&‘o<r2MH&_g A (3.137)

Moreover,

() ) o(R) <

2 248 5
oo < Wv AT P a(R) |

< (o) (CM3+580)
- r5|7L|1+% r2\1|1+5*§
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and

c M3 +¢
17|42 (™ m)a (R) oo < cgoM

< cep ot (3.138)

Using estimates (3.137) and (3.138) it follows, using condition (3.54), (6 > %),

sup|r|u|'“2a(L7R))|
A

2 ~ €&
_ € (cM? +égy) (M +E0)
<lale+2) +ce +
= ( 4< No) 0<r2|7t|1+5§ B

- & M2 . & M2
< £+ — ——6& < e+ — —&. 3.139
_66( +NO>+CR§+5_§ 0_C§< +N0>+CR(2) 0 ( )

The estimates for the 8 term go in the same way and we do not report them here.
For the other terms there is no need to repeat this computation. In fact the R null
components already satisfy the peeling and going from & 1, to L7, the decay
factors do not worsen ]

Next step is to obtain from the estimates for o(.Z' 7, R), B(-Z'7,R) the estimates
for dr, 0t (R),dr, B(R). This requires the control of [To, e,], [To, es] and [T, e3].
Lemma 34 Under the bootstrap assumptions in the region V. the following esti-
mates hold:

e eal < (145 ) s
e < (1450 ) 50
8(([To,es],ea)| < c[1+1‘1§ (1+§%>} S
tedeal < (145 ) s
|&([To, e3],e4)| <c (1 + 1;132) %

Proof. The proof consists in a long, but elementary set of estimates which together
with the explicit expressions of the various commutators are in (3).

In the next Lemma [35| we prove the estimates we are looking for relative to

Or, (@(R) (eq.e5) and O, (B(R) ea).

42" The corrections due to the change of null frames are inglobed in the choice of the cs
constant.
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Lemma 35 Under the same assumptions as in Lemma[32] using the results proved
there and in Lemmas [33| [34] we have in the region V, the following inequalities:

£ - & M2
s;pr5‘u|l+2 \aTO(a(R)(ea,eb)N < & (e—i— NZ) +CF80
' J (3.140)
£ - &
supr £ o BRI )| < (4 30 ) e
H 0 0
with
&7 > (Ce+c); Cg>(Gs+c). (3.141)

Proof. It is a long, but elementary estimate obtained starting from the relations

a(ZLnR)(ea,ep) = (ZL1R)(ea,e4,€p,€4)
= dry(a(R)(easep)) +R([To, eq], 4, ep,€4) + R(ea, [To, 4], ep, €4)
B(ZL1R)(ea) = (L1yR)(ea,e4,€3,€4) = I, (B(R)(ea)) + R([T0, €4, €43, €4)
+R(eq, [To, 84],63,64) +R(ey,eq, [T(),63],€4>. (3.142)

We do not report it here, but for details see (5).

3.3.6 The Estimate of 6R

The final step consists in integrating along the integral curves of Ty. The |u| weight
factors will allow to bound uniformly these integrals. Denoting by ¥(s) the integral
curve of Ty starting in Xy at a distance rj from the origin and a(t) = a(t)(eq,ep),

at,7) = o (Kern) (0,7x0) + 0(0,7x0) +/0§(8T0(X)(}/(S))ds (3.143)

where
Ro= () =u—u=7"), T=t(ww)=utu=7y")
w=ui ) =)= 70 w=ui ) =u0.ra) = 3
B T2 — Fsl t 4Ty — 1y
s, _ _ ) 3.144
As
0 0
=219 3.145
07 Ju + du ( )
it follows that
d
LT VR (3.146)

ds
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therefore, with these definitions, in the coordinates {x*} = {u,u, ®', ®*},

d LAyt ou dyt
a0 = e g = gy !

d _dy“(&u 8u>_dy“ a0

T ds ds

&r*(y(s))— ds \dxH OxH

and, as ', ®* do not change along ¥(s)

d dr d

Sr) = - () =0 (3.148)

and

u(y(s;7i)) = u(y(0;7)) +5,  u(y(s;7e)) = u(y(0;7.)) +s
t=u+u= (u(y(0;7)) +u(y(0;7))) +25=2s.  (3.149)

It follows
Sox(t. ) = tlu0) — o () = 8(0.7.) + [ (@1, ()
0
and

Bau)| < 180(0,7.)1+ [ Gna)(vis)las < ¢

M? ) 5 1
+(Ee+eeg cds.  (3.150)
<” ‘R /0r<y<s>>5u<y<s>>l+z ’

Therefore,

P §o(uu)| < ¢

MZ
<61€+C<578+CR280) <59<8+)7 (3.151)
0

where we have chosen ¢; such that

~—

Ars(u,u

<é, (3.152)

~—

Bluu

which is possible as we have proved that r, and r(u,u) stay near, and chosen &9
such that

Gog > (&1+87)e. (3.153)

The proof for § 3 goes exactly in the same way and we do not repeat it. There-
fore, we have proved the following lemma:
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Lemma 36 Under the same assumptions as in Lemma[32] using the results proved
there and in Lemmas[33] [34] 35| we have in the region V. the following inequalities:

P Sa(R)| < & <e+ 80)
No
(3.154)
4SB(R)| < é1o <s+ 80)
Nop

where

Cg > C1+C7; €19 > 62+ Cy. (3.155)

3.4 TV Step: The Control of the § & Norms

To prove better estimate for these norms in V,,, we have to use the transport equa-
tions along the incoming and outgoing cones. The use of the outgoing cones is
made, as in (10), obtaining estimates starting from “scri”, here the upper bound-
ary of the region V., a portion of an incoming cone.

Therefore, first we have to control the not underlined connection coefﬁcients{z'zl
on this last slice and to avoid a loss of derivatives we have to prove the existence,
on it, of an appropriate foliation called the “last slice canonical foliation”, see
4 10)@ The decay factors for the bootstrap assumptions for the various (not
underlined) 6 & norms have to be consistent with the weight factors of the norms
we control on the “last slice”. The estimates for the underlined connection coeffi-
cients are made, vice versa, starting from the initial data hypersurface Xy. Also in
this case an appropriate (canonical) foliation has to be introduced on Xy ™ |Finally,
as anticipated in Sect. to control the 6 & norms we need estimates for the cor-
rections to the Kerr metric. These estimates follow from the bootstrap assumptions
on 8 0 and are the content of the following lemma:

Lemma 37 Assume that in V, the norms 8 O satisfy the bootstrap assumptions

00 <¢g

then, assuming for the 80 norms appropriate initial data conditions, see
Sect.[3.6] the following estimates hold in V:

Fuf P8R . < ceo; [P |ul*P8X]w < cgp;  ||u'?8Y]w < cey. (3.156)

The proof of this lemma is given later on@ (see Sect. [3.4.4). It is important to
remark the order of the various proofs:

43 Basically we denote as not underlined connection coefficients those coefficients whose

transport equations we use are those along the outgoing cones, the opposite for the underlined
ones. Remember, as discussed in detail in (10) that the choice of the transport equations to use is
not arbitrary and is uniquely fixed by the request of avoiding any loss of derivatives which will
make the bootstrap mechanism to fail.

4 See also (6) where the original idea was first stated.

45 This could be in principle avoided requiring more regularity for the initial data.

46 In fact we prove the equivalent Lemmal311
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(a) The bootstrap assumptions 6 & < g imply, Lemma the metric correction
estimates § 70 < cg.

(b) The metric correction estimates & 00 < c&, the initial data assumptions
and the Riemann bootstrap assumptions imply better estimates for the 6 &
connection coefficients § & < %.

(c) The improved estimates for the connection coefficients imply better esti-
mates for the metric corrections (see Lemma , 500 < %").

3.4.1 The Control of the 8 & Norms

The 6 & norms involve tangential derivatives up to fifth order to prove the boot-
strap and the peeling, see (10} [11). The proof we sketch here is restricted to the
zero and first derivatives as the control of the higher derivatives is simpler and is
basically a repetition of what has been done in (10).

To control the § & norms we subtract from the connection coefficients their
Kerr parts to obtain transport equations and Hodge equations for the § & correc-
tions. This operation, we call “Kerr decoupling” is a central step of the whole
procedure and we discuss it in some generality.

Let us consider a two-covariant tensor connection coefficient

0 = Opydx* @dx”. (3.157)

O is a tensor field tangent to the two-dimensional surfaces S(u,u) = C(u) NC(u)
intersections of the outgoing and incoming cones of the canonical null cone folia-
tion assumed in V,; Opy can be written

Ouy =Y I Hp s (3.158)
where H is a (0,2) tensor in (V,,g), a priori not S-tangent, and IT,' projects from
TV, to TS As an example, look at the second null fundamental
form g,

g(De ea,ep) = x(earep) = Xuve§€Z- (3.159)
Denoting {6”(-)} the one forms dual to the 'S orthonormal frame {e,},
v = L x(eares)0307 = 3 g(Dees, )00y
a,b a,b
= ngGeZ(Dre4)peg 6, 0L = I I17 (Dees)P gpo

a,b
= I1} (Dees) o 17

47 1t is important to remark that it is not true that O = Oy dw® ® dw’. This can be easily
recognized looking at (3:160). In fact

9;1 = g(eav ) = gucez = <6ﬁ7ac + aﬁ(YbL'X(bKerr)) + Sﬁ(YbLXb))eZ
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and finally, with {x*} = {u,u,0,¢},
X = xuvdxt @dx” = YT (Dpes) odx* @dx. (3.160)

The generic structure equations for the connection coefficients O are of two types:
equations which are “transport equations” along the outgoing or incoming cones
and “elliptic Hodge type” equations on the S surfaces. The transport equation has
the following general structure, indicating with O a connection coefficient or a
tangential derivative:

P,0+ktryO = F, (3.161)

where the integer k depends on the connection coefficient O we are considering,
P, is the projection on T'S of the differential operator D4 = D,

(D40)ﬂv = Hﬁn\?(D40)pc; (3.162)

F is a covariant “S-tangent” tensor whose components are quadratic or cubic func-
tions of the (components of the) connection coefficients and possibly, if O is a
tangential derivative of a connection coefficient, of the Riemann tensor,

F:Fuvdx“(g)dxv, Fuv :FuV<{0}a{R})'

The Hodge equations for the connection coefficients or their tangential derivatives
have the fomj%?

VO = G+R (3.163)

where div is the divergence associated with ¥, the covariant derivative relative to
the induced metric, y%), on S,

divO = (4iv0)5dx®,  (divO)s = y<S>“V(>z7u O)ve, (3.164)

G is a covariant tensor and R denotes a null component of the Riemann tensor
tangent to S of the same degree. To have a specific example of structure equa-
tions with this structure, we consider in (3) the transport equation for ¥try and
the Hodge equation for ¥ (see also equations (4.3.6) and (4.3.13) of (10)). To ob-
tain the structure equations for 60, we define 0<Ke”), the connection coefficient
analogous to O but associated with the Kerr spacetime,

oXerr) _ OLIf}err)dxu @dx".

We would like to subtract the Kerr part and define
80 =0— oK), (3.165)

We need, nevertheless, a slight modification; in fact in the transport equations for
the corrections, the § O terms have to be S-tangent to the S intersections of the out-
going and incoming cones of the foliation in the perturbed Kerr spacetime (V,, g).

Nevertheless, the OKem) tensor field is tangent to the S surfaces, intersections of

48 Applied to a two S-tangent covariant tensor field.
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the outgoing and incoming cones of the foliation in V, thought as a region of the
Kerr spacetime. This means that, as in[3.158] we have

OLKverr) _ H(Kerr)ZH(Kerr) SH‘()I((’err) (3.166)
which is not S-tangent in (V,,g). Therefore, instead of (3.163)) we define

§0=0-0. (3.167)
where Ouv = HﬁHfH,gléerr). (3.168)

To obtain a transport equation for §O we apply to it P, obtaining, recalling
that

(Kerr)O(Kerr) _ ktrx(Kerr)O(Kerr) + F(Kerr) =0,

p,50+ ktr;SO =H(50",0,0%) 4 §F(50,0,0%") 5R)
(3.169)
where
H(80Y). 0, O(Kerr)) {_(m _ DflKeH))OA B DiKerr) (O— O(Ke“))
—kbtry O — ktry Ko™ (O — O(Kerr))]
8F (50,0, 5R) = F — F <", (3.170)

Now we proceed as in (10, Chapter 4), and we just sketch the proof. Let |00| be a
| - |p,s norm, applying Gronwall inequality and Lemma 4.1.5 of (10) we obtain the
following estimate, with & > 0:

2 2
‘|u|2+67'(2_6)_550|p,5(1/l7ﬂ) < co <||u|2+6r(2—6)—; 60|p,S(U7ﬂ*)
1
+ / [||u|2+5r<2*“>*% H|ps+ |u|2+5r<2°>§5F|p,s}(u,u’)) . (3171
u
To control the right-hand side of (3.171) we have to estimate the norm

2
a3 2 80),5(u,u,)

on the last slice and the norms of H and §F ] The norm on the last slice is dis-

cussed later on when we prove the existence of the “last slice canonical foliation”.
_2 _2 .

The bounds for the norms ||u|**%/°~» H|, s and |[u|**3/>~# 8F|, s are proved in

the following lemma:

Lemma 38 Underthebootstrap assumptions, the following estimatesholdin 'V,

2 2

_2 M _2 M
|u** 0 P H|ps <ceo| |, |ul*0r P 8F|,s <ceo 5 ) -
Ry Ro

49 Tt i to obtain these estimates that we consider the transport equations starting from the last
slice which, therefore, has to be assigned as “initial data”, see Sect. @
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Once Lemma [38]is proved, assuming an analogous estimate on the last slice,
248 2-2 MY
[|lu|="°rr80|ps(u,u,) <ce| - | , (3.172)
Ro
we obtain, integrating,

2329550, 5(u,)

o) 2 M\? (a1
§c0<||u|2+5r(2 o) p60p,s(u,u*)+cso<&)>/ r”") (3.173)

2
and, as |u| > r, choosing Ry such that c( RM()) < %, the result

&

2
2 M
[Jul >0 1750|p,5(u7u)§C80<R0> < (3.174)

proving that the norms 8 & satisfy in V, better estimates than those in the “Boot-
strap assumptions’.

Proof of Lemma (38} We do not report it, see for details (S)). Although complicated
by the need of subtracting the Kerr part, the strategy we have discussed follows
the one described in (10). There to complete the bootstrap mechanism, beside the
transport equations, also the structure equations which are elliptic Hodge systems
on § are used. Also for these equations the Kerr part has to be subtracted. Perform-
ing this subtraction there are no new ideas involved, different from those already
described, therefore we do not discuss here their Kerr decoupling and the reader
can find a detailed discussion in (5). Here we estimate in detail the norm of the
tangential derivative of a specific connection coefficient (its correction), 8(¥try).

3.4.2 Detailed Estimate of the Norm \r37% |u|*+O8(Viry)|

We look at the correction & & associated to the S-tangent vector field

U= " (Vuy +uxl)

and show in detail, for its transport equation, the structure we sketched in general.
The transport equation I/ satisfies is the following one:

Qp,U+ %Qtrxw =F. (3.175)

Proceeding as discussed in general, see Sect. [3.4.1} we write {/ in the following
way:

Y=U+8y (3.176)
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where™?|
) (Kerr) (Kerr) #
V= Q(Kerr (W‘r" )y femg ) (3.177)
and
o0 1
6¢] = QQ (Kerr) (Vt ryx ‘HIXC) Kerr <X75trx + 6trx§ + trx(Kerr 5C>
(3.178)
where
6¢=¢-L. (3.179)
Analogously we write
F=F+of. (3.180)

Therefore, Eq. can be written as
3 7 err
QP, oY + 5 QuxsY = 8F + (F - pKer)y
— |@P,@ -y + 2(8p)p + spT e |
3 ” err
- QQU%(W*W(K )

3 3
—l—EQStr%(Z/(KeH) + 56'{2“%(1(6“ w (Kerr) (F F (Kerr) ):|

+ ——Q(KSFT)I)‘(‘KC”)W(KCIT) _ %.Q<Kerr)trx(Km)¢](Km) + F(Km)] (3.181)

where the last line is identically zero, being the structure equation satisfied in Kerr
spacetime; therefore, we can rewrite the equation as

OP,5Y + 5 Qe sy = 8 +[(80), 0.4 (3.182)

50 In fact ¢A/” = H“{ (.Q(Kmr]thrx(Ke")+trx(Ke")H‘<,Km>) and H\(,Ke") =

(gﬂ;err) (DilKerr) egKen) )” e(]@,.,)?) )
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Lemma 39 Under all the previous assumptions the following inequality holds in
Vi

_2 ; err _2 .
AP (00) g <e(|itE P (6D D
_2 Kerr) /5 err
<A PR @ - gt s
280 P Y

3 2 A
3 r Qe PO — P s

psS

_2
|2 w0 Sy ||,
2
PP 8 Q| K | g

4-2 807 Ki
A P (F = ) )
2
< cg—. 3.183
< cg R ( )
Proof. We do not report here the easy part of the estimates which simply follows
from the bootstrap assumptions and the explicit expression of [/ (Kemr) The bound

2 A
of the norm |+~ 7 u[>+3 (8P, )| .5 is done exactly as in the proof of Lemma
obtaining

4-2, 1045 S (Kerr) %2
[ T2 (8D )Y s < cgo5- (3.184)

A 2
The term |r47%\u\2+5.QD§Kerr)(¢/ - {/](Ke”))| p»,s Trequires the control of 17|

ul 8 () — ke ».s» the effect of D4Kerr) is only that of adding a power of r
in the decay. On the other side again as in the proof of Lemma[38] we have imme-
diately

3-2. 048 (Kerr) M?
a7 ana (/8 ) )|p,S§C80F (3.185)
0

so that finally we have
2

_2 5 orr M
P 2O, U0 < ce

—. 3.186
s S 072 (3.186)

The explicit expression of §F + ( f:f F(Kerr)> —F— F(Ken) s
671'7: —.Q)Z . 5{[]_ Qazw(Kert) o 692(Kerr)w(Kerr)
—24Vé}x — 2)2(6X7)2(Kerr) —28% X;(Kerr))z(Kerr)
—nx-03—ndx- Z(Kerr) _ 51,”2(Kerr)|2
+try X - SQ—Q— try 6% .ﬂ(Kerr) + Stry X(Kerr) 'ﬂ(KeH)
8 — Sy P (3.187)



Title Suppressed Due to Excessive Length 49

The first term of S F has the following estimate:

P07 8015 < M s
r P {ul 2-8Plps <5 |rr ul>T 05y (3.188)

The norms of all the other terms satisfy the following estimates, as proved in the
Appendix:

_2 . M2 M4
A O (SF — Q78 < ceo(2+4>. (.189)
RO RO

Again proceeding as we did in general for 6O, applying Gronwall inequality and
Lemma 4.1.5 of (10) we obtain the following estimate, with ¢ > O:

_o)—2 _o)—2
=20 8 ) < o[>+ 27 077 89 5(u.)
A e (A UL |u|2+5r<“’>i5r|p,s}<u7u’>) .
) (3.190)

Integrating, provided M /Ry < 1 and provided we have the appropriate last slice
canonical estimates, we obtain

cE M ce &

oy < — < ) 3.191
8] < 3 u TR Plu® = 273|uf2+ (3.191)
if
M &
—g)) < —. 3.192
C(8+R0€0) =5 ( )

Remark 4 Observe that when starting from the transport equation for 8/, Eq. (3:182)),
we write a transport equation for the |- |, s norms we use a Fermi transported
frame. This Fermi transported frame is used only at this stage, while the “Kerr
decoupling” is performed at the level of the tensorial equations.

Next step is to obtain from the knowledge of the bounds for the norms of ¥/ the
bounds for the norms of ¥try and for )ZE] # satisfies the following equation, see
(10) Eq. (4.3.13),

PR E R Y +B=0 (.193)
Therefor
. P N N .Q 6.(2 A
divdg =—(8dv)(X)—&-6x—6C- () + ?5¢l+7¢/— o (3.194)

31 The way we prove this result here is slightly different from what has been done in (10) (see
in particular remark 1 at page 132).

52 The small hat denotes the traceless part of x the large hat is the one introduced in (3-163).
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where 8 = B — 3 and J3 is defined as the corresponding connection coefficients.
As we have

(844) (%) = Y7V o () gy + ¥ 7 8¥5 (X) 00 (3.195)

it follows that to use (3.194) to estimate W0} we need to be able to estimate the
right-hand side and for that we need to have only a norm estimate for the first
derivatives of 8y which are present in 6¥ ;. From (3.194) we obtain immediately
the following estimate:

_2 N
ul?*0r " P V8 s
_2 N _2 ~
Sc(nuwwﬁ P (8GV) () s +1ul>8r 2 C -84 ps

3_2 e 3,29 3,259/\
PR 8E Dl + 1085 288+ 075 2

mS)
3.2 s 2-2
< (1125 (B) (B)lps + 12282l
5 2-2 7S 532
0P 8L slr(R) e 14015 8051021
_2 A
lu2r 802 5/ )

2
o7 6

M? M €
< — + g€+ cepH— | < — 3.196
_C<80R(2)+Cs +CORO>_2 ( )
provided
(M MY e ® (3.197)
C —_— — C - .
0 Ry R% 8¢ = 2

Remarks 2 (a) The estimates of the quantities with the hat are the same as the
one for the Kerr terms. In fact their difference is a small correction as it has
been proved in (3)).

(b) It is here, to close the bootstrap that we need to require 6 = % In fact
looking at the inequality it follows that the term depending on &

is bounded only if § < % As, on the other side, to control the boundedness
of the 2 norms, we required that § > £, (see the footnote after (3:90)); the
conclusion is that, in the bootstrap assumptions, we must choose

6= (3.198)

€
5

33 If, in the other instances where we required 8 = £. we had avoided it the only price to be

. . . . 5—5
paid would have been the presence of dimensional constants like R, *.
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3.4.3 The Various Radial Coordinates

In this paper various quantities play the role of “radial coordinates”; let us compare
them. In the Kerr metric written in the Pretorius Israel coordinates,

& (Kerr) = — 4 jerr) dudue + yorem) (dw“ — X{ierr) (du+ d@))

% (40 = Xf o () )
and in the perturbed Kerr metric,

&(pert.Kerr) = _4'deudﬂ+ Yab (dwa - (X(aKerr)du +Xadﬂ)>

% (400" = (Xfym du+ X))

we define, respectivelyF_Z]

PRy w and r—u—u (3.199)

Finally, a radial function r(u,u) was defined in (2.42)) proportional to the square
root of the corresponding surface S(u,u), both for the Kerr and for the perturbed
Kerr case,

1

r = r(u,u) = (V4m) "2 |S(u,u)| 2.

We use all these radial functions in a interchangeable way; this is possible as
we can control their norm differences. In fact it can be easily proved, see (5) for
details, that the following inequalities hold:

Kerr) &

(

| = re(uyu)| < CW (3.200)

M
P < e (1 +c> , (3.201)

Ro
<2 3202
|7 (u, 1) — r(Rerr) (1, )| < Cw- (3.202)
Therefore, as expected, if RMO < 1, we can identify r(u,u),rkem) (u,u),

(Kerr)
Ty T ) 1b-

54 The {ri“e"),e*} Pretorius Israel coordinates (for Kerr spacetime) can be expressed in

terms of the Boyer-Lindquist coordinates, riKerr) = rﬁKe")(GJb), 0. = 6*(0,n,) where n, is

the Boyer-Lindquist radial coordinate, see (8).
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3.4.4 The Estimates of the 8 0°©) Norms

To obtain this result, we have to first find the transport equations for 62, 6X“ and
07 This is the content of the following lemma:

Lemma 310 The corrections to the Kerr components of the metric 62, 6X“ and
O Yup, satisfy the following equations:

8Q(Q + QKem))
2

I (6Q)=—2(QKm 1 50)2 50+ < ) QK (3.203)

Q (Kerr)
. 2 QA 9, 5
‘ (3.204)
X 8X‘

(Kerr)

0w (5%b) + a(;zrr) (SYac)]

8&(5%17) _Qtrl<6'ygb) =

n [_Q ygerr)&rlJr 5anz(err)trl(Kerr) 42,0 (Kem) Szab + 259&(}?”)} )
(3.205)

Proof. The equation for 6X“: With the definition of the metric, (2.30), the com-
mutation relation (2.24)) has the following aspect:

(a Kier) — ae3xa) = 402 (e0)e" (3.206)
which we can write as
Q08X = © (30X — Ve X)) +427C )l
= Q(8ely — 8€5)OuXficerr) +42788"

(2 (9o Xier) — 9o Xk ) + 4022 e

= Q (8¢l — 8¢5)IuXicerr) +4275L" (3.207)
where
0Q oX 6Q
664 = —W€4 E, 6@3 = —W€3. (3208)

Therefore, Eq. becomes
0y 06X = (0cX(err) ) OX©

Q a
+W (8 X(Kerr —0e XKerr)S.Q +40Q28C°.  (3.209)
As
a a 0 u
2 (e, Xiier) ~ 0eeXie)) = (O — X)) = ~2 53Xk

" 0r, on,” (Kem) TR2 9p,  (Kerr
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the final expression isE]

2 049,

D, OX — (ame)axc_<Q(Km K

X(gerr > 8Q +40Q%5¢°.
(3.211)

The equation for 6Q2: We start from the definition of @ in Eqs. 2.44) o =
—7D3 log Q2. From it

mza (@K +50)
1

Kerr
= 2w

1 1 (Kerr)
- (2Q2 B 29(Kerr)2> a Q 29281\159

1
75D3 logQ = —

and the final equation we have for 60 is

5Q(Q + QKem)
fz(Kerr)2

WoQ = —2(2%M 4 §0)2 5w+ ( ) oy (3.212)

The equation for 07,,: The definition of the induced metric on the generic S(u, ),
whose components we denote {)/(Sgo}, i

Mg g6 = ¥, (3.213)
where
= 8 — (B¢5 + Bef). (3.214)

Observe that, as the spacetime is not static ¥(S), the induced metric on the
generic S, is not a 2 x 2 matrix (with the only 7y, components different from zero);

55 Observe that these equations refer to the metric components in the {u,u, a)l,wz} coor-

dinates. We do not have here the previous problem of considering tensor fields tangent to S
therefore, we do not have to introduce the “auxiliary” O quantities.

36 We use here small latin letters a,b, ... to indicate the 6, ¢ coordinates; the frame vector
fields tangential to S will be indicated with e4,ep. . ..

57 In fact this is not possible even in the Kerr spacetime.
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Nevertheless the following holdf_g]

a a a a
Vi = =2 (awa’ 860") o P (enren) = Vel = vavelieh.
(3.215)

Therefore,

0
+g <8w”’D£bN)

d d d d
=20 — |, = -— — |- 21
to+e (W5l 305 ) +8 (g Megag]). G210
We have
) aX(LK‘:rr) d
{’8(9’1] = (3.217)
therefore,
2.6 X5
- _ (Kerr) . (Kerr)
WYab = 2924, — —5 Ve = —3 5 Vea: (3.218)
Analogously,
2.6 2.6
(Kerr) (Kerr) ,, (Kerr) (Kerr) | (Kerr) (Kerr) _(Kerr)
aﬁ,},ab — 9 (Kerr la herr i Teb i T
(3.219)

and subtracting the result follows.

38 To prove it one has to compute explicitly 8° and 6* and from them the projection

components ITf, 03(-) = —1g(es,-) therefore 93 = —Jguvel
0 =~ 8w~ 380 = 55 (207X Xigem) ~ 5.5 (KX X) = 0
2 2 2Q 20
0, = f%gieﬁf* %gmeﬁ = *ix “X(Kerr) — %(*ch??d%c) =0
93 = f%g%eﬁf %gaz‘efl = *i(*yacxc) - iyacxv =0.

Analogously 0 = Q, 6 =6} =0.
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Remark § The previous equations seem to imply a potentially dangerous loss of
derivatives. In fact on the right-hand side of all the three equations there are terms
of the order of first derivatives of the metric components, namely connection co-
efficients like @, {,try. Nevertheless, this loss of derivatives is not harmful as it
does not propagate when we estimate the connection coefficients and their tan-
gential derivatives up to the order we need. A detailed discussion of this delicate
aspect is in (5)).

Next lemma is the stronger version of Lemma[37)and its proof includes the proof
of this lemma (see also Step IV in Sect.[3.2).

Lemma 311 Assume that in V, we have already proved that the norms 8 O satisfy
better estimates than those of the bootstrap assumptions, namely

50 <2
No

with Ny a large integer number; then, assuming for the O ©) norms appropriate
initial data conditions, we prove that in V. better estimates hold.

€ € €
Pl 08Q| < 5 [Pl 08X| < s (w08 < . (3.220)

Proof. See the Appendix.

3.5 The Last Slice Canonical Foliation

To control ¥dtry, we use transport equation and this requires an estimate
of ¥otry on the last slice of V. we denote C,; this as discussed in (10) and in (14)
requires a delicate choice of its foliation. Let us recall the main problem we have
to cure: the equation for try along an incoming cone is

1
Dstry + Strytry + (Dslog )y + £ - 4 - 2|¢ | —4¢ - Viog Q2 —2|Vlog 2|

=2(Alog Q2 +dive +p). (3.221)

Looking at this expression it is clear that there is a loss of derivatives due to the
term in the right-hand side. To cure this problem in (10) we require that log 2
satisfies the equation

AlogQ = —div —p +P. (3.222)

To satisfy it we introduce a background foliation whose leaves are the level sur-
faces of the affine parameter v, associated with the null geodesic generators of
C,. Then we look for a new foliation u, = u,(v), expressed relatively to the back-
ground one, such that, relatively to it, £ satisfies the equations

AlogQ = —div§ —p+p; 10og2Q =0

du _
dv* =2Q%)7" wls, 0 =

(3.223)
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where S.(0) = C, N Xy. Once these conditions are satisfied, the evolution equation
for try becomes
1
Dstry + ftrltrx
+(D3log Q)try + 2 7 —2|¢|* —4¢ - 5Vlog Q —2|Vlog Q[ =

and the loss of derivatives disappears when we apply V. The proof of the existence
of this foliation is in (14). It is then clear that the last slice transport equation for
¥try has the following expression:

D3 Viry + ftrx)Vtrx + (D3log Q) ¥try + [V,Ds]try + = (Wtrx)trx
(leogﬂ)trx +[V.DsllogQuy + ¥ -2+ 2 Wx —4C-y¢
—4¥E - VlogQ —4n - (—dive —p +p) =

In the present case the problem has to be worked in a slight different way; let us
consider again the transport equation (3.221)),

Dstry + trxtrx+(D3logQ)trx+x —2|¢|?—4C -ViogQ —2|Vlog Q|

= 2(¢log.(2 +divg +p).
and subtract to it the “Kerr part” obtaining

1 1
D;Stry + ftrxétrx + 76trxtrx<Ke“) —208try — 28 wtry Ko

+2 05 +0f e —20-5¢ -28¢ KM 4. 5V log 2
—48¢ - (V1og Q) K™ _4¥1og Q- 5V 1og 2 — 45V 1og Q - (§Vlog Q) Kem)
= 2(A81og @ + (A — A5) (log Q) Ker)
+ VS + (dhv—givKem) g K 4 5p).
To avoid the loss of derivatives §log £ has to satisfy the following equation:
ASlogQ +divs ¢ +8p — 5p =0, (3.224)

and the important point is that the term

(% % (Kerr) )(logQ) (Kerr) ((ﬁV dﬁV(KeH )C (Kerr)

does not produce loss of derivatives as it contains second derivatives only of
(log 2)®e™) which is a given function.

Using the transport equations for the not underlined connection coefficients
on the last slice, C,, allows to control their norms on the last slice in terms of the
corresponding norms in the intersection C, N Xy and prove they are bounded again

by
M2
C 8+£0R7% .

39 The details of the “last slice problem”, first discussed and solved for a different foliation in
(6), are discussed in detail in (10), Chapter 7 and in (14).
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3.6 V Step: The Initial Data

The global existence and the peeling is proved here assuming a strong regularity
for the initial data. We collect in the next subsections all the initial data conditions
we have used in the various proofs. Moreover, all these conditions can be ex-
pressed in terms of quantities relative only to the initial data hypersurface, namely
the three-dimensional metric (g and the second fundamental form (3)k, together
with their covariant derivatives,””| This will allow to express the initial data small-
ness conditions requiring that a L? integral on X/ Bg,, whose integrand depends

only on 8k = Gk — C)k&em) apd on §CG)Ricci = CIRicei — (IRicci®e™ be suf-
ficiently small.

3.6.1 The Asymptotic Conditions on the Initial Data Metric
From equation [2.30] it follows
gl ()

1 1
= Q%dr2 + Yup (da)“ + 5 Xikem” —X“)dr*> (dwb +t3 (X(kerr)” _Xb)dr*)

1 1
= <_(22 + 45X2> dr? — 5ya;,SX“dr*da)b + Ypdo?dew’

a

— [.Q(ZKerr)drf + }/(ferr)da)“dwh}

1 1
+ ((29(Km)59 +8Q%+ Z5x2)dr§ — Eyab5X”dr*dwb + 5yahdco”dwb)

(3.225)

Therefore,
(g|20 — 8(Kerr) ‘Zo)('v )
2 1 2 2 1 a b a b
= ZQ(Km)SQ +06Q°+ ZSX dry — EyubSX dr.dw” + 6'}’ubda) do

and the asymptotic conditions on the metric components are

1 1 1
0Q = 05 <r3+y> 5 60X = 05 (}’4+Y> 5 5’}/ab =05 (M) s (3.226)

where r is defined as in equation[2.42} and the S’s are the two-dimensional surfaces
associated with the canonical foliation of Xy we are going to define. We call these
conditions “Kerr asymptotic flatness”.

3.6.2 The Smallness Conditions on the Initial Data Metric

The smallness conditions for the metric components are

sup 080 <er sup [PHTO8X|<er sup |08y <e. (3.227)
£0/Br, Zo/Br, Zo/Brg

0 Covariant with respect to the three-dimensional metric g,
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3.6.3 The Smallness Conditions on the Initial Data Connection Coefficients

As the estimates of the connection coefficients in V, are obtained in terms of the
initial data onesE] the initial data have to be such that the following estimates
hold, with [ < 4:

|r4+l+8X715trX| <e: |r4+1+5X716trl\ <e

AHOVIS g <& [PHOVSR| <

|AHIOYISL < e (3.228)
AV S| <e, [FAHHOVISw| <e.

3.6.4 The Smallness Conditions on the Initial Data Riemann Components

Our initial data have to guarantee that the norms of the connection coefficients and
th~eir tangential derivatives are small and bounded on Xy, but, more than that, the
2 norms defined in terms of initial data have to be finite; this implies that they
have to be such that

Dbz, < € (3.229)
and also, on Xy/Bg, the following condition must hold:

sup [P Ip(R)? < €. (3.230)
Zo/BR,,

3.6.5 The Canonical Foliation on X

A foliation of Xy/Bg, in terms of two-dimensional surfaces {So} is specified
through a function u,(p), the generic S is defined as

So(uy = v) ={p € Zo/Br,luy(p) = v}. (3.231)

The solution of the eikonal equation u(p) with initial data u,(p) on Xo/Bg, is such
that the level hypersurfaces u(p) = v defines the incoming cones of the double null
foliation. As the norms of the “underlined” connection coefficients, see (10, Chap-
ter 3) for all the detailed definitions, are estimated, using the transport equations
along the incoming cones in terms of the same norms on the initial hypersurface,
while the opposite happens for the not underlined coefficients estimated in terms
of the norms on “Scri”, an analogous, although mild, problem appears in this case.
To avoid a loss of derivatives we have to choose an appropriate (canonical) foli-
ation of Xy/Bg,. We do not go here through the details as the way to obtain it is
analogous to what was done in (10, Chapter 7). Moreover, differently from the
last slice case, here in principle we could even avoid the choice of the canonical
foliation admitting a loss of regularity going from the initial data to the solution,
while this could not be allowed when we prove that V, can be extended.

61 Remark: see the discussion about the last canonical slice, that the way in which the connec-

tion coefficients norms depend on the corresponding ones on the initial data, is different from
the underlined and the not underlined ones.
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The previous discussion is not completely precise. In fact the intersections of
the outgoing cones which are defined starting from “Scri” with the hypersurface
Xy are not the Sy surfaces. This minor, although delicate, problem requires to
define a spacelike hypersurface X) near to Xy and control the various norms in the
strip between these two hypersurfaces. This has been done in full detail in (L0O),
subsection 4.1.3, and we do not repeat it here.

3.6.6 The Initial Data Condition in Terms of g and § )k

All the initial data conditions can be reexpressed requiring that the metric stays
near to the Kerr metric in a definite way. This is obtained requiring a condition
similar to the “Strong asymptotic flat condition” defined in (6) and, moreover, that
an L2 integral, ¢, over Xy /BRO (whose integrand is made by & (3)k, 8)Ricci and
their derivatives) is bounded by &. Its explicit expression is

j(5(3)g’ 5(3)k) — Raé S;lp |:|}”3+55.Q‘ + |r4+85X| + |r1+35,},@
Py BRO

/ i(1+d2)(l+l>+%+6‘x7[5k|2
Zo/Bry i=0

1
2

3
+/E/B Z(1+d2)(3“)+§+5|V’53|2] . (3.232)
0/PRy [=0

+Ry?

To express the tensor quantities of the four-dimensional spacetime restricted to
X in terms of the three-dimensional quantities and their norm bounds in term of
the corresponding three-dimensional ones, requires some work.This is a repeti-
tion, with some obvious modifications, of what has been done in (10), (mainly in
Chapter 7) and in the original work (6), (mainly in Chapter 5) and we do not report
it here; the interested reader can, nevertheless, look at the extended discussion in

@).

3.7 VI Step: The Extension of the Region V.

As previously said once, we have proved that in the region V, the estimates for
the norms of the connection coefficients and for the Riemann tensor are better
than those assumed in the “Bootstrap assumptions”; we have done the basic step
to conclude that a region larger than V, does exist where the previous quantity
satisfies again the “Bootstrap assumptions”. To obtain this result, nevertheless,
something more is needed. In fact the bootstrap argument requires two conditions
to be satisfied. First, that a region with the assumed properties of the V, region does
exist, possibly a very small one and second it requires to prove that this region can
be extended.

The first condition can be implemented by a local existence result in a small
strip above Xo/Bg,. In fact, of this solution we are interested only in the depen-
dence region V associated with the annulus in Xy with r € [Ro, Rg + 6R], with SR
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arbitrary small, and it is clear that starting from appropriate initial data we can
satisfy in V all the “bootstrap assumptions”.

The second condition to be satisfied requires to solve again an existence prob-
lem starting from the upper boundary of V,. The strategy is not completely stan-
dard, but it has been already discussed in (10, Chapter 3, section 3.7.8) (see also
(14)). Therefore, we sketch here only the more relevant points and the differences
from the situation discussed there.

The region whose existence we have to prove is a “strip”” above the last slice
of the region V, of arbitrary small width. Nevertheless, as there is no bound for the
size of the region V,, this existence problem is not a local problem in both direc-
tions; it is local in the “outgoing cones” direction, but not local in the “incoming
cones” directions. Moreover this is a characteristic problem as its initial data are
on the intersection of the portions of two cones, one outgoing starting at the in-
tersection of the last slice of V, with Xy, the other one being exactly the last slice.
As the extension of the last slice cannot be controlled, to prove this result requires
again a bootstrap argument. The difference is now that once we assume (again by
a bootstrap assumption) that a portion of this strip does exist to prove that it can
be extended, and that the whole strip does exist, requires to solve a characteristic
local problem which is easy to manage. We do not give more details on it as this
problem has already been treated as solved in two previous papers by the same
authors, see (3; 4). Observe finally that the initial data in this case automatically
satisfy the constraints for the characteristic problem as they are the restriction on
these hypersurfaces of the Einstein solutions; the difference with respect to the
discussion on (4) is that in this case the “initial data” are near to Kerr instead than
to Minkowski, but this is not a problem.

Finally, to complete the result we have to prove that, again, in the extended
region, V, + 0V, the estimates 6% < &,80 < & hold; this requires some care.
In fact from the “last slice initial data” one would be tempted to infer that the
2 norms, to be finite avoiding possible logarithmic divergences, would require
a weight |u|? with ¥ < 7, the analog of the loss of decay from the initial data
to the solutions. The problem is in fact not present, as once we have a solution
in V., 4+ 0V ang a new double null canonical foliation, we can, exactly as before,
estimate the .2 on the outgoing and incoming cones in terms of the initial norms
on Xy and repeat all the previous lemmas to reobtain the correct decay for the %
norms. Once this is done, we repeat exactly the same procedure done in V, for
the connection coefficients so that, finally, we have proved that in V, 4 6V all the
bootstrap assumptions are still valid and, by contradiction, that V, has to coincide
with the global (external) spacetime.

4 The Final Result

We can state now with all the details our final result:

Theorem 41 Assume that initial data are given on Xy such that, outside of a ball
centred in the origin of radius Ry, they are different from the “Kerr initial data of
a Kerr spacetime with mass M satisfying

M 5
Tl J<M
Ry
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for some metric corrections decaying faster than r—> toward spacelike infinity
together with its derivatives up to an order q > 4, namel

g =8 40 (), =k 0, (D) @233)

where y > 0. Let us assume that the metric correction 8g;;, the second fundamen-
tal form correction Ok;j are sufficiently small, namely the function 7 equation

(B:232) made by L? norms on Xy of these quantities is small[>’|
I (Zo,Ro;8%g, 8k) < e, (4.234)

then this initial data set has a unique development, //7,/ defined outside the domain
of influence of Bg,, with the following properties:

1) M= MU M where M consists of the part of M which is in the

future of X /Bg,, .~ the one to the past.

() (AT, g) can be foliated by a canonical double null foliation {C(u),C(u)}
whose outgoing leaves C(u) are completﬁfor all |A| > |ug| = Ry. The
boundary of Bg, can be chosen to be the intersection of C(ug) with Xo.

(iii) The various null components of the Riemann tensor relative to the null
frame associated with the double null canonical foliation, decay along the
outgoing “cones” in agreement with the “Peeling Theorem”.

Remark 6 1t is clear that, from the way this result has been obtained, the condi-
tion 1% < 1 has to be such that the development we prove is far from the event
horizon we assume to exist in a spacetime, near to the Kerr spacetime, which is
the boundary of the complete outer region. In fact, trying to go near to the event
horizon or even to the “photosphere region”, see (1) and references therein, we
would immediately find serious problems trying to control the 2 norms in terms
of the initial data ones.

5 Conclusions

As mentioned in the introduction the global existence proof is separated from the
“peeling result”. The global existence near Kerr spacetime required, in a broad
sense, to subtract the Kerr part. This is done concerning the Riemann compo-
nents looking for the estimates for the “time derivative” of the Riemann tensor,
which eliminates the contribution of the Kerr spacetime, or more in general of
any stationary spacetime. The subtraction for the connection coefficients is vice

62
63

The components of the metric tensor written in dimensional coordinates.
This will also imply a slightly stronger condition on the decay of the metric and second
fundamental form components, basically that [¢’ drr3t7|8g;;]? < oo, Iz, drr’|8k;j|* < oo,

64 By this we mean that the null geodesics generating C(u) can be indefinitely extended toward
the future.
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versa made in a more general way as the subtracted part has not to be time-
independentﬁ] This is in some sense the more original part as, in a more external
region, the peeling decay has been already proved in (15).
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6 Appendix
6.1 Proof of Various Equations, Inequalities and Lemmas

In the proofs of various Lemmas, for the metric components we can use directly

the difference between a quantity and its Kerr counterpart, Therefore, for the met-

ric components with"we denote the Kerr part, 0(0) = OEg)m), while their meaning

is different for the connection coefficients and for the null components of the Rie-
mann tensor.

Proof of inequality (3.109). This result is just one of the standard estimates used in
Chapter 5 of (10) to show how from the control of the .2 norms one can obtain the
control of the sup norms of the null Riemann components.
The only difference is that here we are considering the R Weyl field instead
of the Riemann tensor R and that the 2 norms are substituted by the 2 norms.
The detailed proof in this specific case is given in the Appendix of (5).

Proof of inequalities (3.123). Looking at the explicit expressions (3.122) and
(3.125) it is immediate to realize that inequalities [3.123] are immediately
derived by the bootstrap assumptions while for the right-hand side terms
in (3.122) we only need to control D36X,D46X and W6X. The control of the
first two terms arises from the explicit expression of D36X (see (3.211)), Lemma
[B11). The control of ¥8X requires to derive equation (3.21T)) and obtain from this
equation an estimate for ¥8X proceeding as in Lemma Observe that the loss
of derivatives due to the presence on the right end side of ¥ is only apparent

5 1In principle one could use the same strategy used for the Riemann components, namely to
define “time derivatives” of the connection coefficients, write for them the structure equations,
estimate their norms and recover by a time integration the connection coefficients, this method,
although less general, should give the same result we have obtained.
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as in the estimate ¥{ there is not any loss of derivatives (see the discussion in
subsection 3.4.5 of (5)).

Proof of Lemma {8Q}: 8Q satisfies the equation

Q + O Kerr)
W(8R) =—-2(2)*60+ (62) (HZ,)) QKM  (6.235)
- Q (Kerr) -
It follows
W|6Q| < F|8Q|+20Q% 50| (6.236)
where
F = (@ + @kem)qkem gy g Kem)| —0<M 6.23
= N =0(3)- (6.237)
and integrating on C(u; [ug,u]) we obtain
|6.Q|<Q, Lt) < c<5‘Q|C(u)ﬂZ() —|—/ du/‘2925Q|(£7 u/)) . (6.238)
uo

As we have already proved that the estimates for 6 & (1) are better than the boot-
strap assumptions, then for 6 @ the following estimate holds:

Pl <
No

and we can obtain from the previous inequality the following one:

u
|7 |u| 62| (u,u) < Ir3+559|g(ﬂ>nzo+/ du'|2Q28 0| (u, u')r(u', ) |u|
uo

<c( 80| Jrﬁ/uduli1
= C(u)NZy NoJug  |u/|1F0

3 &
< (1P 88lcurs, + s ) 6239)
From it
20 (148 3 € &
Pl 250 ) < (18Rl + ) < ot (6240

with 271 > Ny I Ny !, choosing the initial data sufficiently small and Ny suffi-
ciently large.
{0X}: 6X satisfies the following equation:

2 QA 9

Q(Kerr) ﬁairb (Kerr)

0oy 6X — (0 X ficerr) ) X = — ( X ) §Q +40%8¢¢

(6.241)
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where we have immediately, with ¢ > 0,

2Man, M* 1
|9 X {kem)| = [(c5) 85| = ’ (ac o ) ‘ < Rl v (6.242)
and
2 QA 9 M?* 1

‘ (_Q(Kerr) ERZarbX(aKerr)) ’ < Ri(%ﬁ (6.243)

Finally, using the improved estimates for the § ") norms we have

1

(6.244)

a
68 <c W

Using these estimates from the definition

|6X| = [) 86X
a
we write, defining

2 QA 9
G=— (Wmamx&mo : (6.245)

I|8X|* = 28X |dy|6X| = ZQZ5X“8635X“
- 2925}(“ (X)) X + G52 + 40768
<40 (Zl(acX(‘Kemn) 15X+ [G]152|8x] + 492 (Zéc%) BY

(6.246)

and immediately

on|6X| <40 (Z X )|8X+|G||6Q|+492 (ch )

a

B M4 1 | |+ ]\472 &0 SO/N()
- Ré—c rl+o R% r4|u|1+5 r3|u|2+5
MY 1 £ 1 M?
— X |+ | — — . 6.247
= cRg—c r1+c| |+ P3u|2+8 (No +CR% ( )

Applying the Gronwall Lemma we obtain

x| <e M* /u 1 e +M2 / L
X —=|C — 5%
=P Cpims f, o “\No "R ) )iy Pl

-
0
M* 1 M 1 g 1
< € _ < = 6.248
_exp{ Ré }c 0 (N + R2) P8 = 2 i ( )
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which proves the result.

{87}: The Eq. (3.203) satisfied by 67,

8X(CKerr) aX(ci(err)
O (5%0) — Q(80p) = — | 5 (57 + . (3

+ [Q 1o Sty + 8 Q7 My Kem 4 20Kem 55 1250 gi‘;“f)}

can be written as

aﬂ(Syub) - 'Qtrl(é’}/ab)
= (Qury — Qury) (8Yw) + (G5(8Y) + G5 (8%ea))
+F(0%™ 50, 8try, 8%) (6.249)

where

F(O%™ 80, 8try,8)

= |2 suy + Qi uy e 1 20Kemsy | 12507
(6.250)
As
Inr(u,u) = %r(u,g) = r(”;”)mrl (6.251)
it follows
o 01) Lo () - 2 L o)
— L [on(5m) - Qg (57|
= % [(@ury D) (51) + (G5 (570) + G (57)
+F (0,60, 5y, 57|
Therefore,
I (r?8Yu) = (Quy — Quy)(r > 8Yu)
+ (G5 (r28%) + G5 (r *6%ea)) + % (6.252)
Defining

571 =Y 6%l
ab
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we have the following inequality:

167> _ 21671, 1671 1 4 rQuey
aﬂrT: o 3&7:74 2\57’|9M|57’\—;T\57’|

- X0 [ 5 (701 + (5|

_y (Om) l aury - 1) <GC (8%) , e <6ryzm>)

ab

F(O <Ke“>,69,6trx,6x>
+ 5 —

;

é 6 6 F

< 9oy~ g 57+ 2121 1]
which implies
) S— 1) F

N ('rzy) < {|(Qtr1—!2trl)+2|G\} <| }/I) 4—u (6.253)

As before we have for |G| and |(Qtry — Qtry)| the following estimates, with
c>0 N a

4

M 1 c
|G\:Z|Gg|§0ﬂmv [(Quy — Quy)| < 3
ac R() r

(6.254)

therefore, applying Gronwall Lemma,

671 1671 Mol “|F|
(r2 (u,u) < 2 (uo,u) +expq ¢ Ro"/uor”" /MOTZ(“I&)d“/

“IF|

<c

(u ,u)du (6.255)

Observe now that the following inequality holds:

Il

s ’,2 ‘Q,}/Kerr 5trx+5!2 (Kerr) trX(Kerr) +2_Q(Kerr)5zab+2592£1b(err)

=2 [IQIrZIStrg\ +182 ||ty K| 42| QKem)| |5 | +2|6.Q||Z(Kerr>q

&

Integrating the final result is

(P

|u|'+0 8] <c£o< Lyl ) <=, (6.257)

Ny N

proving the result.
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