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SCATTERING THEORY FOR DIRAC FIELDS NEAR
AN EXTREME KERR-DE SITTER BLACK HOLE

by Jack A. BORTHWICK

ABSTRACT. — In this paper, we construct a scattering theory for classical mas-
sive Dirac fields near the “double” horizon of an extreme Kerr—de Sitter blackhole.
Our main tool is the existence of a conjugate operator in the sense of Mourre the-
ory. Additionally, despite the fact that effects of the rotation are “amplified” near
the double horizon, we show that one can still reduce our study to a 1-dimensional
problem through an appropriate decomposition of the Hilbert space.

RESUME. — Dans cet article, nous développons une théorie de la diffusion pour
des champs de Dirac massifs en métrique Kerr—de Sitter extréme, dans la région
située entre I’horizon (double) du trou noir et I’horizon cosmologique. L’outil prin-
cipal de la construction est ’existence d’un opérateur conjugué au sens de la théorie
de Mourre. Par ailleurs, bien que les effets de la rotation soient amplifiées au voisi-
nage de ’horizon double, nous montrons qu’il est néanmoins possible de se ramener
a un probléme de diffusion unidimensionnelle moyennant une décomposition ad-hoc
de l’espace de Hilbert.

1. Introduction

Over the past two decades or so there has been quite a bit of mathemati-
cal interest in scattering theories for particles in black-hole type geometries.
This is useful for the understanding of these geometries and the detection
of black holes but also in the study of Quantum Field Theory on curved
spacetimes, see for example [12, 21].

For rotating black holes, due to super-radiance, it is well known that the
usual energy functional of integer spin particle fields, described for instance
by the wave or Klein—Gordon equation, is no longer positive-definite, this
leads to obvious technical difficulties that have nevertheless been overcome

Keywords: Scattering, extremal black hole, Kerr—de Sitter blackhole, Dirac equation,
Mourre theory.
2020 Mathematics Subject Classification: 35P25, 35Q75, 83C57, 35Q41.
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in a handful of situations, such as the Klein-Gordon equation on (De Sitter)
Kerr spacetimes [19, 25] and the wave equation on Kerr spacetime [11].

On the other hand, for Dirac fields, there is still a conserved current which
leads to a natural Hilbert space framework adapted to a spectral theory
approach. Scattering theories for massive or massless Dirac fields have been
constructed in this manner in the exterior region of Reissner—Nordstrom,
slow Kerr and Kerr—Newman black holes [13, 26]. More recently, there has
been interest in non-asymptotically flat backgrounds such as Schwarzschild-
de Sitter [28], slow Kerr Newman-de Sitter [15] and slow Kerr—Newman—
AdS [7] black holes.

In this paper we study the case of an extreme Kerr—de Sitter black hole
in a region situated between what we will refer to as a “double” horizon and
a usual “simple” one (the cosmological horizon). The “double” horizon is
the hypersurface resulting from the coincidence of the two inner black hole
horizons™™, and differs quite significantly from the exterior horizon of, for
instance, Kerr spacetime. The extreme case is of particular interest for the
understanding of mechanisms behind stability /instability of black hole type
spacetimes as it presents features of both types. This is analysed thoroughly
in the case of an Extreme Reissner—Nordstrom black hole in [3, 4], and
complemented by the remarks in [5] on the asymptotic behavior to the
wave equation. Regarding the Dirac equation, an integral representation
of the Dirac propagator in the extreme Kerr metric is derived in [8]. Our
main result is the asymptotic completeness of the Dirac operator in an
extreme Kerr—de Sitter black hole, this is the conjunction of the absence of
singular continuous spectrum, and Theorem 5.2, formulated in Section 5,
which provides a complete description of the asymptotic behaviour of all
states in the absolutely continuous subspace by establishing the existence
of a direct sum decomposition into states that scatter towards either the
cosmological or blackhole horizon. This is achieved by comparison with
simplified dynamics:

21 42
réta

e H o =T'D,- —l—ﬁ — 9= Dy at the extreme black hole horizon,

_ 1 . .
e H oo =T'D,x + T?ﬁ — T{ﬁD(ﬁ at the cosmological horizon.
In the context of understanding stability /instability features of extreme
black hole space times, this result can perhaps be seen as a stability feature
of the extreme Kerr—de Sitter blackhole.

(1) which occurs for special choices of the parameters of the family.
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Our global strategy follows closely that of [13, 14, 26] : we will adopt the
point of view of a class of observers for which the two horizons are asymp-
totic and will show in Section 3 that a conjugate operator in the sense of
Mourre theory [2, 32] can be constructed in an analogous fashion to that in
the exterior of a Kerr black hole as in [13, 26]. Furthermore, it has already
been noted, for example in [7], that the presence of the simple horizon is
enough to ensure that the usual proof of the absence of eigenvalues — via
a Gronwall inequality exploiting the separability of the Dirac equation —
follows through without modification. However, our results do not follow di-
rectly from these works due to long-range potentials at the extreme horizon
and a significantly perturbed angular operator. In particular, the decom-
position of the Hilbert space into spin harmonics, essential to the reduction
to the spherically symmetric case treated in [14] is no longer stable. A key
ingredient to our analysis, carried out in Section 4.4 is constructing opera-
tors at both asymptotic ends with similar adapted decompositions and of
which the full Dirac operator is a short-range perturbation. Furthermore,
it is worth noting that since the mass terms do not survive at either of the
horizons, despite constituting a long-range potential near the double one,
some of the arguments in [14] can be simplified.

1.1. The Kerr—de Sitter metric
Throughout this text, we will mainly use the usual Boyer—Lindquist like
coordinates (t,r,0,¢) in which the Kerr—de Sitter metric is known to be
(signature (4, —, —, —)):

2 2
(1.1) g= B [dt — asin® Adg]? — P~ P gp2

E2p2 A,« Ag
Agsin® 0
- ;T[(TQ + a?)dyp — adt]?,
where:
2 A 2 2 32,202 | 2
l =3 A =71"=2Mr +a® = I°r*(r° 4+ a%),
(1.2) 2 =14 d%5, Ag=1+a*cos?6,

p? = 1?4+ a’cos? 6.

It depends on three parameters a, M, A, the angular momentum per unit
mass of the black hole, the mass of the black hole and the cosmological
constant, respectively. We will always assume [ > 0.
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922 Jack A. BORTHWICK

The above expression is singular when A, = 0 or p = 0, however, the
manifold can be analytically extended across the singularities {A, = 0}.
In such an extension, the roots of A, give rise to null hypersurfaces that
we will refer to as horizons. They will be labelled by the root r; to which
they correspond as so: 4., If r; is a double (resp. simple) root of A,., J2;.,
will be said to be a “double” (resp. “simple”) horizon. In, for instance, [9],
it is shown that the roots of A, can be labelled such that either:

(1) re_ <0<r_ <rp <rgq

(2) e <0<r_=rp <rigp

B) re— <0<r_<ryp=riq

4) re_ <0<r_=7rp —7T44

(5) r—— <ryq,r_,r1 € C\R.
We will refer to case (2) as extreme Kerr—de Sitter; a necessary and suffi-
cient condition for this is:

lall <2 — /3,
1—a22)(a*l* 4 340212 + 1) — 72
54]2 ’

1.3
(13) e

where v = (1 — a?12)? — 12a2I?. In this situation the double root is given
by:
272 _a272\(1 _ 4272 _
(1.4) () — 12a°1* 4+ (1 — a®l1*)(1 — a®l \ﬁ)
18 M2

For future reference, we quote the following useful properties of . :

0<re< Y
(1.5) 3M

?r! +a? = Mr,.

Finally, we note that the other two roots r; and r__ are equally those
of the polynomial:

(12

2
(16) X + QTGX — @
To avoid unnecessarily complicated subscripts, we will now rename the
roots of A, as follows:

r_ <0<re <rg.
The region, B, in which we will study the scattering of Dirac fields is

defined in the coordinates (¢,7,0,¢) by r. < r < r4. In essence, B =
R X Jre, 74 [ x S%, with the metric given by (1.1), that extends analytically

(2) We note that in [9] it was denoted by
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to the poles. It is between two horizons, one double, one simple and it is
the effect of the double horizon that we wish to understand.

The scattering problem will be considered from the point of view of a
stationary observer with world-line:

r=r10,0 =06y, p =wt+ ¢o,w € R, 1y € |re,r4[,00 €]0, 7], o € ]0, 27].

Proper time for such an observer differs from the coordinate function ¢ only
by a multiplicative constant depending on the parameters of the trajectory.
For this family of observers photons travelling, say, along a principal null
geodesic, which are in some sense the most direct trajectories for light to
travel towards one of the horizons, will not reach it in finite time. For
instance, the coordinate time ¢ necessary for a photon, emitted from r = rg
at t = tg, to reach 77, travelling along such a curve is:

"+ 2(r? 4+ a?
(1.7) t—ty = / gdr = 400
T0 AT'
In fact, for our purposes, it will be appropriate to replace the coordinate
=(3 2
r, by the Regge-Wheeler type coordinate r* = f %
this computation. By definition:

dr appearing in

Z(r? + a?)

1. * =
(1.8) dr A

dr.
It will be useful to calculate an explicit expression for r* by a partial fraction
decomposition of the integrand:

r? +a? (e} 5 v g

(1.9) (r—r,)(r—re)2(r—r+):r—r, r—ry r—Te (r—rme)?

The coefficients «, 3,,d are given by :

1 [re 12 +a? l\/ﬁ r3 +a?
@ 2 M(re—r,)2< > B 2 M(r+—re)2> ’
B 12r2(r2 + a?) _2[27“2’(27“3 — TMr. + 6a?)

0= 0 = 0.
3Mr, — 42 7 (3Mr. — 4a?)? <

The sign of ~ follows from the following relations:

r212(r2 4+ a?) = r2 + a®> — 2Mr,
0 < 3Mr, —4a® — 2r21%(r2 + a®) = TMr. — 6a® — 2r2.

TOME 73 (2023), FASCICULE 3
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The expression of r* is therefore:
= e |n- 2(,.2 2
(10) v = = [ropy (orel) | e e e?)
20V M |r — 7| 3Mre —4a?r — 1,
2r3(2r2 — TMr. + 6a?)
(BMr, — 4a?)?

(1]

Eln|r —re| + Ro.

ri+a2
(re—rx)%"
From (1.10), one can deduce the following asymptotic equivalences:

Above, Ry is an arbitrary real constant and ni =

LEMMA 1.1.
_ 2 M
(1.11) re—r ~ e =E VT ,
r* =400
r2(r2 +a?)= 1
(1.12) I re(re +a’)= 1

oo 3Mr, — 4a® r*

Equation (1.11) is true for a suitable choice of Rp: it is the usual be-
haviour that we have come to expect at a simple black hole horizon. Equa-
tion (1.12), on the other hand, illustrates the first notable difference in the
case of the double horizon, as the decay is a lot slower. This will be a source
of long-range potentials in the Dirac operator.

1.2. The Dirac equation

On B, A, > 0 and the coordinate ¢ is a “time function”, providing a
foliation (X;):ecr of B into spacelike Cauchy hypersurfaces. B is therefore
an orientable globally hyperbolic 4-manifold and as such, by a result due
to R. Geroch [23, 24], possesses a global spin structure; required for the
Dirac equation.

The Dirac equation is most conveniently expressed with Penrose’s ab-
stract index notation (cf. [34]). Let S# be the module of sections of the
two-spinor bundle S and, SA/, that of the pointed two spinor bundle §';
lowered indices are used for sections of the dual bundles. We recall that S4
is identified with S4’ via complex conjugation and to S4 via the canonical
symplectic form € 4 g according to :

A

A
KB = K€ap = —€BAK
{ k4 e SA.

.
kY = kA,

The bundle S ® S’ can be identified with the complexified tangent bundle
C ® TB and finally:

EABEA'B’ = Jab-

ANNALES DE L’INSTITUT FOURIER
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Following [33], we will refer to elements of Sy @ S4" as Dirac spinors, the
massive Dirac equation for a spin—% Dirac spinor (¢4, XA/) is then :

AA’ — A’
(1.13) A .
Vaarx® = —upa V2

As mentioned in the introduction, it is well known that the equation has

a conserved current, namely:
jaa = ¢ada +xarXa
Thus the total charge:

(1.14) Q= Tjowg,s,
PP

is conserved. wgyy, = \/ﬁi;(ﬂf%dr* A (sinfdf A dy) is the induced
volume form on ¥, and T is colinear to V% and normalised, for conve-
nience, such that 7T, = 2.

Q defines an inner product on spinors defined on any slice® | ¥, t € R,
and gives rise to a Hilbert space J#. Solving the Dirac equation can be
thought of as finding a family of isometries U(u, s) : 5 — 4%, such that
for any u,s,w € R :

U(s,s)=1d, U(u,s)U(s,w)=U(u,w).

The framework sketched here can nevertheless be significantly simplified
since 0 is a global Killing field on B. All slices ¥; are thus isometric, in
particular, B is diffeomorphic to R x ¥ for some fixed ¥. Furthermore,
the 47 can all be identified and so one can view the problem as an evo-
lution problem on a fixed Hilbert space 4. For these reasons, we will
seek expressly to write the Dirac equation as a Schrodinger type equation.
Moreover, we will work directly with spinor densities® on ¥ :

/ 1
(@4, X" )|wgz|2.

After a choice of spin-frame, this means that our Hilbert space % can be
assimilated with L?(X)®C* = L?(R,~ x S?) @ C* equipped with its natural

(3) Oriented by —Vt.

(4) These can be thought of as either sections of the pullback bundle of S via the canonical
injection, or, sections of the spinor bundle on X4; there is an identification between them
since dim B = 4.

(5) An orientation on ¥ can be seen as a bundle morphism between A"T*Y and the
density bundle.

TOME 73 (2023), FASCICULE 3



926 Jack A. BORTHWICK

inner product :

(0,9) = /(qS, Y)cadr™d, dQ = sin#dfde.

We refer to [33] for a more detailed discussion on the framework outlined
above.

1.2.1. Spin frame

In the study of the massless Dirac equation in the case of a slow Kerr
black hole [26], it was remarked that in order to avoid some artificial long-
range terms one should choose a spin-frame determined up to sign by a
local orthonormal frame of T'B that is aligned with the foliation of B , in
the sense that the timelike vector should be parallel to V%¢. Since Vot+ =
span(0r, 0, 0,,), we make the simplest choice:

g/a = L g'ai = #a
0 \/ |V“tVat|’ 1837& —Yrr "

w01 P a 0 1 P
92000 = Vg 0 I0a0 T g O

With this choice of spin-frame and trivialising the density bundle on X

with respect to the density |dr* A dQ|% the Dirac equation can be written
i%—f = H® with the operator H given by:

A/ A VALA
= ¥ 2pip 4 Yoy
=0 =0

2 2
(1.15) H .+ p,
g
/ 2 / i/ — A/
+ ATAO (P A@) FBDgp - 1 AO.T:AQP‘/& + ATAGP

osinf

— mIP.

—
g = =

In the above, we have adopted similar notations to [13]:
D, = —i0,, D, = —i0,, Dy= —idy,
Dg2 is the Dirac operator on the sphere S? :

D
Dge = (DQ - iCOt;m9> 24 2273

sinf '’

the matrices I'* are defined by :

r0—1<01 {;) I' = diag(—1,1,1,-1),
—12

FZI —O0 0 F3: Uy 0
0 o)’ 0 —oy/)°

ANNALES DE L’INSTITUT FOURIER
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Defining an operation ¢ X A with ¢ € C and A = (%1 ;1)2 ) a block-diagonal

matrix by:
o CAl 0
cRA= ( 0 cA2> ’

the potential ‘71 can be written :

-~ ~ VA
V= FRT! + (G— m“) R T2,
2p
where:
o ivAracosf iav/A,(r? + a?) cos 0=
N 2p3 202p
Ar 2 in2 0 A/
p Yo ST (B2 02y A, ),
2p02(r? +a?) \ 2
~  iaAgsin? Or + cos 0p?= — 3a21? sin? 6 cos Op?
G= -
2v/Ag sin 0p3
VAga?sinfcost ,, 5 o _
+ 5907 ((r* +a*)E —2Mr)
iasin 6v/Ag Al 5
_W (27"AT—2(7" +a ) 5
and finally :

o? = Ag(r? +a*)? — A,a*sin? 6.
For computational purposes it is worth noting that the operation X en-
joys the following properties :
(1) X is distributive with respect to addition,
(2) It is C-homogenous in A and R-homogenous in ¢,
(3) (cRA)* =cX A*,
(4) IfceR, cKA=cA,
(5) If A is hermitian, (—i(cX A))* = —i(c K A) 4 2iR(c)A.
The details of the calculation leading to this expression are sketched in
Appendix A.
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2. Analytic framework
2.1. Symbol spaces

We recall that 5 denotes the Hilbert space :
L) ®C* =2 [*(R,- x $*) @ C*,

equipped with its natural scalar product. In what follows we will study the
operator H defined in (1.15) on J# as a perturbation of another operator.
In order to have a succinct language in which to distinguish the asymptotic
behaviour of the coefficients of H, we introduce the following symbol spaces:

II={fecC®X%),00 05205 foy™" € L®(Jre, r4[xS?), 05 € N},
For (m,n) € N2

«
(e—mfw

0]
R feC’oo(E),af*lagQ@?fow*flz T*_’+°°( L) a; €N
et
¥ and ¥* denote the coordinate charts (r,6, ) and (r*, 6, ¢) respectively
and « is defined by:

I M
(2.1) k==t —.
Eng Vore

By extension, if M € C*®(2) ® My(C),we will also write M € S™" (resp.
M € 1I) if the operator norm of the matrix M, ||M]|, is an element of S™"
(resp. II); this is of course equivalent to the requirement that each of its

r*——00

components satisfies the appropriate condition. Finally, we define:
(2.2) §@nm=()8"", S =(8™"
m n

Many of the functions f at hand will be naturally expressed in the co-
ordinate chart ¢, the following results will enable us to infer rapidly the
asymptotic behaviour of the function when expressed in the chart ¥*. The
only missing information is the relationship between partial derivatives with
respect to r and those with respect to 7*. From (1.8), one has:

AT

(2.3) By =

So the question is settled by :

ANNALES DE L’INSTITUT FOURIER
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LEMMA 2.1. — Define the map o on ¥ by its coordinate expression:
aoypt = ﬁ, then o € §*2.
Proof. — cf. Appendix B.1. O
One can now use the Faa di Bruno formula(®) to show that:
LEMMA 2.2.
(2.4) fell= fe8 o9.fe8%2

In particular, if f € Il and f(r*)= O (T%) then f € §%1.
r*——00

2.2. p-invariance

The metric on B does not depend on the coordinate ¢; this invariance
will be exploited in two ways in this paper. Firstly, diagonalising D, with
anti-periodic boundary conditions, any ¢ € % can be represented as:

o(r,0,¢) Z op(r,0) e
p€Z+2
The subspaces of this Hilbert sum are stable under the action of H, and we
could just consider the restriction of H to any such subspace; this would
enable us to treat the terms with factor D, as potentials. However, some
terms contain explicit coordinate singularities. To avoid technical difficul-

ties due to this, it is more convenient to work with the operator H? formally
defined on J# by:

A, \/ \/ rA '«/A Ngp—~
(2.5) HP = =¥=011p 4 09 g — YEr20Py
=)
\/ATA 22 VAA 2 VA
+ 22 om0 aqf 4 Y=o (p - _9) 3p.
=0 o osinf o =

The function Y2rle (7 — @> is well-defined and bounded, because:

osin @ =
p2 /AH 1<EZP4A90_2)
Ep2 + VAgo

and:

(1

— Ayo? = a? sin? 9<A9AT +25(r* + a®)(1*r? — 1)

+a?sin® (2 — 14 (2 +a)))

(6) See, appendix B.2

TOME 73 (2023), FASCICULE 3
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HP coincides with H on the subspace corresponding to the eigenvalue p €
7+ % of D, and the coordinate singularity is absorbed into ® g2 which is
well-defined as an operator on the sphere.

In later analysis, it will also prove convenient to rotate the coordinate
system so as to cancel some of the effects of rotation at the double horizon.

Setting ¢ = the coordinate transformation :

a
=t ™ =r" =0 ¢ =p—cot
Naturally, ¢ and ¢’ are circular coordinates. Due to the p-invariance of the

metric, H? transforms very little under this change of coordinates, in fact,
it boils down to the substitution:

H? — HP — ¢qop.

From now on, unless otherwise stated, we will work in the rotated coordi-
nates. For convenience however, we will continue to call ¢ the new circular
coordinate ¢ — cot. Thanks to the -invariance of our problem this should
not cause any confusion.

2.3. A comparison operator

Almost all the operators we will study in this paper are perturbations of
a single operator Hy given by:

(2.6) Ho =T1Dp+ + g(r)® + f(r").
The functions g and f satisfy:

VA,

E(r? 4 a?)

whilst, the operator © is defined by:

c Sl’l, f(’f’*) — ap _ ap e S0717

2.7 ") =
(2.7)  g(r*) 2 +a? 712+ a?

(2.8) D= AIDpAL

The structure of this comparison operator is very similar to that of those
used in [13, 26], except that, here, the angular part © is a perturbation of
the Dirac operator on the sphere ® g2, rather than ® g2 itself. The spectral
properties of the latter, which are well-documented(”) | were quite essential
to the analysis in [13, 26], luckily, © shares many of them.

) see, for example [1, 10, 38]
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LEMMA 2.3. — Let S be the self-adjoint extension in L?(S?) ® C? of

the operator:
cot d D
Do —i .
< 71 )crx sing”¥

defined on the subset of [C*°(5?%)]? with anti-periodic boundary conditions
~ 1 1

in ¢. Denoting its domain D(S), S = AjSA] is self-adjoint on D(S) and

has compact resolvent.

Proof. — S has a core consisting of smooth functions on which a simple
calculation shows that:
. 2 2 .
~ i a®l®cosfsinf
S=vAyS——————0,.
The expression extends to all of D(S) by continuity in the graph topology.

The estimates:
A a?l?
/A 0 — <re
Ro—1s TS 2

(2.9) a2 cosfsinf ||* ot
i0p————— H < —||u||2 u € L*(5%,C?),
2/ Ay 4

together imply for v € D(S):
a?1? cos@sin H o a?l?

Be - (ISull+ Jul).

It is easy to see from (1.3) that 5~ < 1. Thus, by the Kato-Rellich Per-
turbation Theorem [30, 31], S is self adjoint on D(S).

In order to show that S has compact resolvent, it suffices to show that
there is a z € p(S) such that R(S, z) is compact, for, by the resolvent iden-
tity, the property will follow for all z € p(g) In fact, in this perturbation
theory setup, it is sufficient to show that there is some z € p(S) such that
the following inequality holds:

2l2 2 2
(2.11) —||R(z S|+ —HSR(z 9 <1,

(2.10) H(\/E,— 1)Su — io,

where R(z,S) denotes the resolvent of the operator S at z. Indeed, assum-
ing (2.11), it follows from (2.10) that for any u € L?(S? C?):

. 2[2 212
I8 = $)R(z, S)ull < “ - ISRz, S)yull + IRz, S)ull < [ul.

(S—S)R(z,S) is therefore a bounded linear operator and I+(S—S)R(z, S)
is invertible with bounded inverse. Moreover:

S—2I=84+8—-8—2I=(I+(5—9)R(z8))(S — zI).

TOME 73 (2023), FASCICULE 3
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Consequently, S — 21 has bounded inverse given by:
R(z,S)(I+ (S — S)R(z,5))~"

R(z,8) is compact because S has compact resolvent, so (8§ — zI)~! =
R(z,S) is compact.

We now show there is z € p(S) such that (2.11) is satisfied. By self-
adjointness, it suffices to seek z of the form z = ic. A classical resolvent
estimate shows then that: |R(z,5)| < ﬁ so that ||R(z,S5)| is arbitrar-
ily small for |c| large enough Furthermore, for any z € p(S) we have
ISR(z,S)|| < 1, since g < %, (2.11) holds for any |c| > 2. O

LEMMA 2.4. — Let S be as in Lemma 2. 3, the following properties hold:
. —O’(S ) = o(9),
. U(S) |—1,1[=0.
In particular, the eigenvalues (\)kez+ can be indexed by Z*, in such a way
that A_p = —\y for each k € Z*. Furthermore, for each k € Z*, there is

a subset J, C Z + %, such that for each n € Jy one can find ¥y, (0, ¢) =

(g:"g(g;) e"? € L*(S% C?), |kl = 1, unique up to a complex phase,

satisfying §¢k,n = Ag¥kn. Necessarily, these form a total orthonormal
family of eigenvectors for S.

Proof. — To prove that the spectrum of S is disjoint from the open unit
interval, it is sufficient to notice that, as a quadratic form, 52 > 1. Indeed,
for any u € D(S):

(2.12) (Su, Su) = (\/ 0SATu, SAT )> ul?,

because Ay > 1. The other points will be proved in a slightly more involved
case in Section 4.4. O
Due to the block diagonal form of ®, the following is an immediate

consequence of the above:

COROLLARY 2.5. — The family:

(e () i () e}

is a total orthonormal family of eigenvectors of .

These results are sufficient to construct a natural decomposition of 7
that can be used to obtain a convenient representation of the operator Hy.
However, we begin by noting that the subspaces L?(R) ® span{w,‘:n, Vot
k € Z*,n € J,, are not stable under the action of I''. Indeed, if % is
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an eigenvector with eigenvalue A of ®, then, since I'' anti-commutes with
I'? and T3, T''¢ is an eigenvector with eigenvalue —\. In particular, the
block diagonal form of T'! implies that I‘lwkim and d)fk,n must be colin-
ear (because 1, is unique up to scaling). In fact, I'! being unitary and
symmetric, one has qup,f,n = j:zbj_tkm. The family vy, , remains total and
orthonormal if 1_j, ,, is rescaled to absorb the sign, so one can assume that:
Flw,f,n = @ka’n. The subspaces:

Hin = L2R) @ span {01, 0% 0007 | b €N m € U,

are then naturally stable under I'' and therefore, under Hy, and J¢ =
@tn%n For each (k,n), # , can be isometrically identified to [L?(R)]*
by the map:

by e — [L2(R)]*
Uy — U2
(213) UW;:F,H + quJ_rkm 1 u + ug
_ _ — —=
+U3¢k,n + u4w7k,n \/5 U3 + Ug
U3 — Ug

Through this identification the restriction, H(]f’", of Hy to %, can be
written:

(2.14) Hy™ =T"'Dye — N ng(r )% + £(r7).

This is clearly a bounded perturbation of the self-adjoint operator I'' D,
with domain [H!(R)]*, hence it is self-adjoint on the same domain.

We are now ready to use the lemma below® to obtain a description of
a domain where the formal expression for Hj is self-adjoint.

LEMMA 2.6. — Let X be a Hilbert space and (X,,)nen a family of sub-
spaces of X such that:

1
X:@Xn,

neN
where the sum is topological. Let (A,)nen be a sequence of operators A,
on X,,, such that for each n, A, is self-adjoint on its domain D(A,,). Then
the operator A defined by:

Ax = ZAn:rn,

(8) see [26, Lemma 3.5] and Appendix B.3
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ife=> apn,x, € X, for any n € N is self-adjoint on:

D(A) = {x =Y n € X, [[Anznl® < oo} .
n neN
The natural domain for Hy, which is always meaningful in the distribu-
tional sense, is certainly {u € 52, Hyu € S}, this, in fact, coincides with
the domain of the operator given by the previous lemma:

D(Ho) = u = Zuk,n S %,Z ||H(I)€’nu1€7n||2 < o0
k,n k,n

The proof is analogous to that of [26, Lemma 3.5].

Since for each k € N*,n € J, , D(HY'™) is isometric to [H'(R)%], and
Z(R) is dense in H'(R), we deduce immediately a core for Hy, that we will
simply denote by .. This core will be convenient for many computations,
in particular, it will justify the use of the Leibniz rule when computing
commutators. More precisely:

LEMMA 2.7. — .¥ = @k{ny(R) ® Span{%inawtk,nv¢1;n’¢:k,n} is a
core for Hy.

Proof. — cf. Appendix B.3 g

2.4. Short and long-range potentials

The construction of the wave operators, modified or not, will mainly be
based on Cook’s method® or minor variations thereof. Because of this,
it will be interesting to investigate the integrability of the matrix-valued
coefficients appearing in our differential operators. Amongst those, we will
call “potentials”, the parts of the order 0 component of its symbol that
vanish on the horizons. For our purposes, they will be split into merely
three groups. Namely a potential V is:

e short-range at +oo (resp. —oo) if:

(2.15) sup  |[{(r")*V]| < 400 (resp. sup [[{r*)*V| < +o0)
r*>0,0€52 r*<0,9€52

for some a > 1,
e long-range otherwise,

(9) See for example [31, Chapter 37]
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e of Coulomb-type at +oo (resp. —oo) if V is long-range there
and (2.15) holds with a = 1.

The norm here is the operator norm on My(C) and {.) denotes the Japanese
bracket (r) = v/r2 + 1. In relation with the symbol spaces we introduced
previously, let m,n € Z and suppose V € 8", then:

e m > 1 = V short-range at 4o0,
e n > 2 = V short-range at —oo,
e n=1=V of Coulomb type at —co.

2.5. Self-adjointness of HP

It is now relatively easy to prove the self-adjointness of HP, we first
introduce the function:

1 2 2
(2.16) h(r,0) = AF /2
g

it satisfies the following properties:
(2.17) |h? —1|<1—-a%? <1,
(r?2 + a?®)a® sin 0 cos 0=
2hv/ N3
Proof. — The first property follows from the following chain of inequal-
ities:

c S2,2

(2.18) dgh = A,

0<h2—1= Ar(ﬂsin?e
o (0 +VAg(r? + a2))
A,a?sin? 0
< 2
o
a2
Sz
2 272
< % _ 6a-l <1 a2
2 1—a22 — /(1 —a%2)? — 124212
By Equation (1.3), 1 — a?1? < 1, the conclusion follows. O
The boundedness of 0,-h = %arh and dgh shows that h € B(D(Hj)).

Indeed, [Hy, h] is defined on D(Hy) and:

\% AGAT
E(r? + a?)
Consequently, for any v € D(Hy):

(2.19) [Hohul| < [[hHoul| + [|[[Ho, hlul| < C([[Houll + [Jul]),

[Ho, hlu = —il' 0, hu — i [?0phu, wu € D(Hy).
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for some constant C' € R% . The following relationship between Hy and H?
is therefore meaningful:

(2.20) H? = hHoh + Vo + Vg,
with:
apVBDg | alo(r®+a*)p  Ap  ap(h®—1)
2.21 =— —
(2:21) Vs 1% + o2 52 * 72 4 a?
A UIAVIVILN AL o o 2
+l|:<20_3:<27’A7-—2(7' +a) Ig].—‘
iA/Agacost ICZAT\/A(,\(?"Z + a?) cosd =
2p%0= 203 ’
(2.22) Vo=~ A Ae < V_A"> Ip + 7%’me0
g Eo

. {(iavAT sinﬁ@rA(;) 2 FQ} .

2p%0E
In the above, we have sorted the terms according to their asymptotic be-
haviour at —oo, since at +oo all the potentials are short-range. More pre-
cisely, the terms in Vg are short-range at —oo and those of Vi are of
Coulomb-type there. (2.18) means that h[Hp, h] is short-range at both in-
finities.
Using Equation (2.20), one now shows that:

LEMMA 2.8. — HP? is self-adjoint on D(Hy), for any p € Z + %
Proof. — Tt follows from Equation(2.20) that:
HP = Hy + (h* —1)Ho + h[Ho, h] + Vo + Vs,
since [Hy, h| is bounded, H? is Hyp-bounded and, using the fact that :
|h? -1 <1-a%? <1,

the result follows from the Kato—Rellich Perturbation Theorem. O

2.6. Further properties of Hj,

We briefly quote the following important properties of the simplified
operator Hy :

LEMMA 2.9. — As quadratic forms on ., HZ and Q = D2, + g*(r*)D?
are equivalent.
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Lemma 2.9 has the following important consequences:

COROLLARY 2.10. — D(Hy) C H{}. continuously and we have the fol-
lowing criterion for compactness?) :

If f,x € Cy then f(r*)x(Hy) is compact.
COROLLARY 2.11. — T''D,. and g(r*)® are elements of B(D(H,), 5¢).

The relationship between the operators Q and HZ goes even further, one
can show that:

(2.23) D(Hg) = D(Q)

The proof of these results is an adaptation of that of [26, Lemmata 4.3, 4.4,
4.6, Corollaries 4.1, 4.2].

3. Mourre theory
3.1. Brief overview

Mourre theory is a very powerful tool for constructing analytical scat-
tering theories. It has been used in many different situations including the
quantum N-particle problem [16] and for scattering of classical fields - with
or without spin- in a range of black-hole type geometries [13, 25, 26]. The
theory has been refined since E. Mourre’s original article [32] following, in
particular, the theoretical developments in [2]. There, it is discussed that
one can substitute a certain regularity condition for some of the techni-
cal conditions in Mourre’s original work. We present here a non-optimal
“working” version of the theory.

We begin by making precise the aforementioned regularity condition:

DEFINITION 3.1. — Let A, H be two self-adjoint operators on a Hilbert
space . We will say that H € C'(A) if for any u € # the map s
e A(H — 2)~te 84y is of class C! for a (and therefore all) z € p(H).

In other words, Definition 3.1 states that, in a certain sense, the resolvent
of H evolves smoothly under the action of AV . An interesting technical

(10) The criterion is a consequence of the Rellich—-Kondrachov theorem. See for exam-
ple [18].

(11) This interpretation fits nicely into the Heisenberg picture, where operators evolve
instead of the wave function
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consequence of this regularity is that (in the form sense) the following
equation makes sense on 7.

[A, (H —2)7'] = (H — 2)7 ' [H, A(H — 2) 7,
we refer to [2] for more details.

DEFINITION 3.2. — A pair (A, H) of self-adjoint operators on a Hilbert
space A such that H € C'(A) will be said to satisfy a Mourre estimate
(with compact error) on some energy interval I C R if there is a compact
operator K and a strictly positive constant y such that:

1;(H)i[H,A]1;(H) > pl;(H) + K.
This will be written more briefly:

(3.1) 1, (H)i[H, AL, (H) 2 11, (H).

The heart of Mourre theory is contained in the following theorem; the
statement here differs from that in Mourre’s original article [32]; here we
follow [14, 26].

THEOREM 3.3 (Mourre). — Suppose that:
(1) HeC\(a),
(2) i[H, A] defined as a quadratic form on D(H) N D(A) extends to an
element of B(D(H), ),
(3) [4,[A, H]] defined as a quadratic form on D(H)N D(A) extends to
a bounded operator from D(H) to D(H)*.
(4) (A, H) satisty a Mourre estimate on I C R

Then, H has no singular continuous spectrum in I, and H has at most a
finite number of eigenvalues, counted with multiplicity, in I.

When a pair (A, H) satisfy the conditions of Theorem 3.3, A will be said
to be a conjugate operator for H on I.

3.2. Our conjugate operators

We will now proceed to describe our choice of conjugate operators for
Hy and a class of perturbations of Hy that will include H?,p € Z + %
Mourre theory is very flexible in that the notion of conjugate operator
is local in energy but also, using cut-off functions, in space; this is well-
illustrated in [13, 26]. As a consequence, determining a candidate for the
conjugate operator of a given operator H can be a very creative process,
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although in many examples from physics, the generator of dilatations, or
minor variations thereof, is usually a good candidate. We will see that,
despite the extreme black hole geometry, our case is no exception. As in [13],
the full conjugate operator will be a combination of two operators A and
A_ tailored to deal with the distinct natures of the geometry at the two
asymptotic ends. Throughout the sequel we separate the two infinities using
smooth cut-off functions, j,,j_, j1 satisfying:

j-(t)=1 ift< =2, j_(t)=0 ift>-3
(3.2) Jet) =1 ift>—3, ji(t)=0 ift< -1,

st)=1 ift>-1, ji(t)=0 ift< -3

j— and j; should be chosen such that their supports are disjoint.

3.2.1. At the simple horizon

Near 7., , we will follow the treatment in [13] and set:

’l‘+7
(3.3) A+(S) — R+(T*,©)F17
where:
* _ .—1
(34)  Ri(70)= ("~ ' [D))2 <SIH|@|) .

Since |D| > 1, the same arguments in the proof of [13, Lemma IV.4.4] can
be used to show that:

LEMMA 3.4. — For any S > 1, uniformly in A, k € N*:
(3.5) Ry (r*, Ag)| < C(r").

In the above, C' is a positive constant and R (r*, \i) denotes the restriction
of Ry (r*,9) to G n-

Despite the strange argument in the cut-off function, this choice is sur-
prisingly simple and is essentially: I''r*. This is motivated by the observa-

tion that, under the unitary transformation: U = emin! (20D “the toy
model on R x S? given by:

H=T'D.+e " D+e,

transforms to: D
H=T'D +e " — +ec.

D
The commutator with I''7* is then easily seen to be:
~ . D
i[H, T =14 2r e " @rl.
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Restricting to a compact energy interval using x(H), x € C5°(R), the
second term will lead to a compact error by Corollary 2.10. Note that
without the unitary transformation U the commutator is:

[, T =14 2r* e " OTL.

*
KT

Here the second term is problematic, as r* e™" does not decay faster than
—Kr*

e and hence we cannot control ||r*e=*"" D|| with || e=*" D||.

3.2.2. Near the double horizon

Let us start our discussion at 7%, by motivating the coordinate trans-
formation we performed in Section 2.2.

At the double horizon (r* — —o0), the function g appearing in the
1
—p*

exponential decay at a simple horizon, and is similar to the behaviour

expression for Hy decays as O( ). This is significantly slower than the
at space-like infinity in an asymptotically flat spacetime. In fact, when
r* — —oo the principal symbol of Hy formally ressembles:

~ C

H=T'D,. — =9,

T

which is the massless Dirac operator (for the spinor density) for the asymp-
totically flat metric on R* x S2:

2
* 1
—dr—dr?— () —do
n r < c) A, o
This suggests that we should try to treat the double horizon in a similar

manner to space-like infinity, and in particular that A = %{DT* ,7*} should
be a reasonable candidate for a conjugate operator there; indeed,

(3.6) i, Al =H.
However, had we used the original Boyer—Lindquist like coordinates
(t,r,0,p), near r* — —oo, we would have been lead to set:

Hy =T'Dp + g(r*)D + f(r*),

where fe S%% and lim,«_,_ o f(r*) = ¢o = ;24,7 The corresponding toy

model would hence be: Ef +cp. Since A commutes with constants, we need to
modify it to generalise Equation (3.6). This can be achieved simply by ap-
pending I'ycor* to A. However, in doing so, we are immediately confronted
to similar issues (that are carefully avoided by the unitary transformation
U) described above at the simple horizon. The solution relies on the mor-

phism properties of exp and the fact that r*ef+"" = o (1). In our
r*——00

ANNALES DE L’INSTITUT FOURIER



DIRAC SCATTERING IN EXTREMAL KDS BLACK HOLES 941

situation, even if we can imagine trying to exploit the morphism properties
of t — %, with a unitary transformation such as U = e s nIPHD 7} the
error may not be compact simply because there is no decay left ! The co-
ordinate change performed in Section 2.2 circumvents the problem entirely
by shifting the potential to the simple horizon, where we know how to treat

it. In the sequel we set:
1 *
(3.7) A(8) = S{R_(), Dy},

where,
(3.8) R_(r) = j* Cg)

{-, -} denotes the anti-commutator and S > 1 is a real parameter.
The conjugate operator Ay will vary depending on the energy interval I,
in fact we will show that there is S; € [1,+00) such that on I either:

AL (Sp) + A_(Sp) if I C (0, +00),
AL(Sp) — A_(Sp) if I C (—00,0),

is a conjugate operator on I.

(3.9)

3.3. The technical conditions

Despite being the key assumption in Mourre theory, the estimate (3.1)
alone is not sufficient for the conclusion of Theorem 3.3. However, checking
the more technical conditions of Theorem 3.3 is quite involved and diverts
from the core of the text without offering much insight. For this reason, we
have chosen to put the outline of the proof in Appendix C. We nevertheless
record here the appropriate conclusions of these developments:

PROPOSITION 3.5. — For any S > 1, AL(S) and A (S) + A_(S) are
essentially self-adjoint on .&.

PROPOSITION 3.6. — Let H be an operator on ¢ defined by:
(3.10) H =hHoh+7V,
where1?) ;

e V is a matrix-valued potential such that V € St
o h € C°(R,«x]0,7[) such that h > 0, |h? — 1| < ¢ < 1, d,+h, Dph,
h?—1¢e 8h.

(12) These assumptions are not optimal
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Any such operator is self-adjoint on ¢ with domain D(Hy) by the Kato—
Rellich theorem. Furthermore for any A € {A4(S),A+(S) £ A_(9)}:

(1) The quadratic formsi[H, A] and i[[H, A], A] on D(H)ND(A) extend
to elements of B(D(H), %),
(2) H € C%*(A).

We record here for future reference a further property of the operators
H in the preceding proposition:

LEMMA 3.7. — D(H?) = D(H}).

For a proof we refer to [26, Lemma 4.6]. The functions h and V = Vo + Vs
of HP satisfy slightly better conditions than those above:

LEMMA 3.8.

e The function h defined by Equation (2.16) satisfies:
h? = 1,0m+h,0ph € 2.
e Let Vo and Vg be as in Equations (2.22) and (2.21) then:

Ve e 8V vy e 812,

3.4. Mourre estimates for H,

We shall now move on to derive Mourre inequalities, naturally, we will
treat 777, and 7, separately.

3.4.1. Near the double horizon

We begin with:

LEMMA 3.9. — Let x € C§°(R) then for any S > 1;

@11 (il A (S)x(Ho) 5 x5 ) o () x(io)

where fl\(z is used to denote equality up to a compact error.
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Proof. — One has:
(312) i[Ho, A_(S)]

=T'R_(r*)Dyr — T''R_(1¥)

Note that if 0 < x < 1 is a smooth function with compact support in R,
since j' has compact support, Corollary 2.10 implies that the terms under-
lined above will only lead to compact terms in x(Ho)i[Ho, A—(S)]x(Ho),
consequently:

(3.13)  x(Ho)i[Ho, A-(S)]x(Ho)

~ X(H0)<j_ ’:9) I'D,-j_ (g) +2r*j_ (;) J- (;) I''p,.-
RO W00 + 1) )x(H)

*

Using Corollary 2.11, one can show that 27“ J—(%)j (% )T Dyex(Hy) is
o) a

5
also compact. Indeed, let y(r*) = 2r*j_(% )4’ " (%) and note that v €

C§°(R). For any u € J#, one has:

(3.14) ()P Dy x(Ho)u = T Dy (r*)x (Ho)u + il (r*) x (Ho )u.

Corollary 2.11 implies that there is Cy > 0 such that for any w € D(Hy).
T D] < Cu([|[Howll + [Jul)-

Hence:

[y ()T Dy x(Ho)ul| < [T Dyery(r*)x(Ho)ul| + ||/ () x(Ho)ul,

<
< Cil[Hoy(r™)x (Ho)ul| + Crllv(r*)x(Ho)ull
+ 17 (") x(Ho)ul,
< Cilly(r*)Hox (Ho)ull + Crly(r*)x(Ho)ul|
+ (1 +C)Y (r)x(Ho)ul|-

TOME 73 (2023), FASCICULE 3



944 Jack A. BORTHWICK

According to Corollary 2.10 the operators v(r*)Hox(Ho), v(r*)x(Hp) and
~'(r*)x(Hp) are all compact and so it follows from a simple extraction
argument that (r*)['* D, x(Hp) must be too. Thus:

S S
= R_(r") (¢ (r")D + f'(r")) x(Ho).

(3.15)  x(Ho)i[Ho, A_(S)]x(Ho) P X(Ho)j- (Tﬂﬂ> "D, (70*)

Now, (3.15) can be rewritten:

Since f(r*) +r*f'(r*) — 0 when r* — —o0, it follows from Corollary 2.10
that the terms in the last line of the previous equation are compact. The
compactness of those on the middle line is also a consequence of Corol-
lary 2.10, because near the double horizon r, — —oo (r — ) one has:

1( % * r A;“ 1 *
g (r*) + g(r*) = (1+W2+O (T*>>9(T ),
and:
Ai« = 212@" - 7‘6)(7‘3 - T*)(“r - Te) + O((’r - Te)2)7
(3Mr. —4a®)(r —1e)

Using (1.12) we obtain that:
2 4 a?)E 1
A;_ = 727(7"6 ta ) “+ o0 <7"*> .

From which it follows:

(3.16) g (r") + g(r") = o(g(r")).

Therefore, there is a continuous function € € C (R) such that:

=2

. T* * * * * *
2 (5) 00+ st yoxtn)| = ot 0t
< [Hoe(r™)x(Ho) |l + lle(r*)x (Ho)-
Compactness then follows with a similar argument as before. O

We are now ready to prove:
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ProposiTiON 3.10. — Let x be of a compact support contained in
(0, +00) and p > 0 be such that supp x C [u,+00) then for any S > 1:

*

a0 (il A 2 i(H0? () x(H)

The result holds also if supp x C (—0o0,0), if we replace A_(S) by
~A_(S).

Proof. — Using Lemma 3.9, it is sufficient to prove that:

* * *

i (% ) i (% ) o) 2 it () et

Our first step is to note that, although x(Hp) and j,(%) do not commute,
their commutator is a compact operator. This can be seen using the Helffer—
Sjostrand formula [27, Proposition 7.2], for one has:

19) - (%))
_ %/Cagg(z) [(H0 L) (;)} dz A dz,

*

_ 7%/322(2)(}10 _ )t {Ho,j_ (;)] (Ho — 2)~dz A dz.

The second equation makes sense since j_ (%) is bounded and [Hy, ]_(%)]
extends to a bounded operator on S#. Furthermore, the integral (3.18)
exists in the norm topology, so the compactness of the commutator follows

from that of the integrand which, again, is a consequence of Corollary 2.10

o ()] -4 (3)

Now x(Ho)j— (%) Hoj— (%5 )x(Ho) is equal to

j- (gj) X(Ho)Hox(Ho)j- <7;>
i ()t i- (% ) oxtem)] + et (% ) | i () o).
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The underlined terms form a symmetric compact operator and denoting(*?)
E the operator-valued spectral measure, for any u € 5:

(o (=) ot () o)

In other words:

where we have used once more the compactness of the commutator
[x(HO),j_(%)]. Similar arguments prove the final point. O

3.4.2. At the simple horizon

The decomposition of the Hilbert space constructed in Section 2.3 and
the results discussed there concerning the properties of the eigenvalues,
mean that the proof of the Mourre estimate at the simple horizon in [13],
applies to our case without any essential modification. Hence we quote
without proof:

PROPOSITION 3.11 ([13, Lemma IV.4.11]). — Let Ao € R, then there
are x € Cg°(R) such that \g € supp x and pu € RY such that:

*

. . T
320 X(H)Ho A S 2 ()i () (o),
for large enough S € R? .

Remark 3.12. — 1t is interesting to remark the difference in the formula-
tion of Propositions 3.10 and 3.11. Only the latter truly restricts the size of
the neighbourhood on which we have a Mourre estimate, Proposition 3.10

on the other hand, simply forbids a Mourre estimate on a neighbourhood
of 0.

(13) following the notations of (31].
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Combining the two previous results leads to:

PropPOSITION 3.13. — Let \g € R*:

e If \y > 0, then one can find an interval I C (0,+00) containing Ag
and p > 0 such that:

(3.21) 1;(Ho)i[Ho, A4(S) + A—(S)]11(Ho) Z pl;(Ho),
K
for large enough S € RY .

e If \y < 0, then one can find an interval I C (—o00,0) containing Ag
and p > 0 such that:

(3.22) 1;(Ho)i[Ho, A+(S) — A—(S)]11(Ho) % p1(Ho),

for large enough S € RY .

3.5. Mourre estimate for H

Now that we have at our disposition a Mourre estimate for Hy, we can
deduce from it Mourre estimates for any operator H satisfying (3.10). Their
spectral theory is closely related to that of Hy as illustrated by the following
lemma.

LEMMA 3.14. — For any x € C°(R), (Hy —i)~! — (H —i)~! and
X(Ho)—x(H) are compact. In particular, Hy and H have the same essential
spectrum. (Weyl’s Theorem).

Proof. — One has for any z € C\ R:
(Ho—2)"' —(H —2)"" = (H —2)"'(H — Ho)(Ho — 2) ",
= (H —2)""((h* = 1)Ho + V)(Ho — 2) ",
for some matrix V whose coefficients are in Cio (R). Compactness of (Ho —
i)~! — (H — i)' is, once more, a consequence of Corollary 2.10. That of

x(Ho)—x(H) follows from this since the Helffer-Sjostrand formula®®) leads
to:

(3:23) X(H) = x(Ho) = - [ 0) (B = ) = (o~ 2) ) dz nd,

the integral converges in norm so compactness of the integrand implies that
of the integral. O

(14) gee [27, Proposition 7.2]
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An immediate consequence of Lemma 3.14 is that for any x € C§°(R):
(3.24) X(H)[1H, A(S)Ix(H) ~ x(Ho)[iH, A(S)]x(Ho)-
Now, writing H = Hy + (h? — 1)Ho + h[Ho, h] + V, let us consider:
X(Ho)[(h* — 1)Ho + h[Ho, h] + V., A+ (S)]x(Ho),
we will in fact find that it is compact, so that:
(3.25) X(H)[1H, Ax(H) ~ x(Ho)[iHo, A]x(Ho)-
We recall our main tool:

COROLLARY 2.10. — If f,x € Cy then f(r*)x(Hp) is compact.

To simplify notations we drop the dependence on S of the operator A_.
Consider first:

(3.26) [(h? —1)Hy, A1) = (h* — 1)[Hy, Ax] — [Ax, h* — 1]Ho.
(k2 —1) € 8™ s0, by Corollary 2.10, (h? —1)x(Hp) is compact. Therefore,
so is: x(Hp)(h? — 1) = ((h? — 1)x(Ho))*. Since [Hy, A+] € B(D(H,), 57),
we conclude that x(Ho)(h? — 1)[Ho, A+]x(Hp) is compact. Moreover:
[A_,h%* — 1] = —iR_(r*)2hh’ € 8!,
so [A_,h? —1]x(H,) is also compact.
Next we consider the term:
[A, h? = 1] = TH R4 (r", D) (h? = 1) = (R4.(r*, D) (h* = 1))").
Note that:
Ry (r",D)(h* = 1) = R (r", D) (r") " (r") (h* = 1),
* *\ — . T* *
= R 2)7) 4 () ) - ).
The last equality is a consequence of the choice of support of j; and j:
recall that j1(¢t) = 1 for ¢ > —1 and 7* > —S when j.ﬂ%) #0
so j2(%) = 1 whenever the term is non-zero. (r*);?(%)(h* — 1)x(Hp) is
therefore compact because j? (% )(h? — 1) € §H*.
Additionally, Lemma 3.4 implies that R (r*, D) ({r*) ! extends to a bounded
operator on . The compactness of x(Ho)[(h? — 1)Hy, A+]x(Ho) follows.
The term:
[V, A ] = [VR,(r*, D) =T 'R, (r*,D)V],

is treated identically:

R (r*\ D)V = Ro(r*, D) (")~ ()2 () v,
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and ]f(%)V € 8> s0 Ry (r*,®)Vx(Hy) is compact. Lastly using:
[V,A_]=iR_(r*)V' € 81,
h[Hg, h] = —ih(T 80 h + /Dgg(r*)T20ph),
[h[Ho, h], A_] = R_(r*) [l (D*h' + T2/ Dgg(r*)dgh) + hT 0% 1

+ hI%\/Agg(r 8,~*69h+h1“2\/ 09’ (r*)0ph] € S,
[h[Ho, ), Ay] = —iT [0~ h, Ry (r*, )] —i[h/ Aag(r)T20ph, T R, (r*, D)].

and similar arguments as before, we conclude that the remaining terms are
also compact. Therefore, we have proved the following:

PROPOSITION 3.15. — Let H be an operator defined by (3.10), then
the conclusion of Proposition 3.13 is true with H in place of Hy.

3.6. Propagation estimates and other consequences of the
Mourre estimate

3.6.1. On the spectrum of Hy and H

The first important consequence of the estimate above is that Theo-
rem 3.3 applies to H and Hy, on any interval disjoint from {0}. Hence, H
and Hy have no singular continuous spectrum and all eigenvalues, other
than possibly 0, are of finite multiplicity. In fact, Hy has no eigenvalue, as
the following classical “Grénwall lemma” argument shows.

Proof that Hy has no pure point spectrum. — We only need to seek
eigenvalues for Hy on each of the subspaces 4 ,,, which, we recall, can be
identified with [L2(IR)]*. Let A € R and suppose that u € [L?(R)]* satisfies:

k,n ap ap
Hy"u= ()\—i— 2 r2+a2>u’
then u € [H'(R)]* and u vanishes at infinity. This is also true of the function
—irtar*

wirtie u(r*). w additionally satisfies:
w'(r*) = eI (=T (Au(r*) = T D,-u(r*)),
— e—iFl)\r*(_Z’l—\l)I(r*)eiFl/\r* w(r),
where: I(r*) = (=Apg(r*)I'? + f(r*) — (% - Tg‘jripaz)) From this, we
deduce:

+oo
[[w(r)|l S/ (o) Hw ()l dr,

*
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Because ||I]| is integrable near 4oo, it follows from the integral form of
Gronwall’s lemma that w = 0 and therefore u = 0. O

Using the separability of the Dirac equation in Kerr—de Sitter, a modified
version of this argument shows that the full Dirac operator has no eigen-
values, we refer to [6]. We summarise these conclusions in the following
lemma:

LEMMA 3.16. — Let H be an operator defined by (3.10) then:

e H has no singular continuous spectrum,

® OJess (H) =R,

o o,(H) is a discrete subset of R. All eigenvalues, except perhaps 0
have finite multiplicity.(*®)

3.6.2. Strict Mourre estimates

Let H € C'(A), (H,A) is said to satisfy a strict Mourre estimate on
some interval I C R, if it satisfies a Mourre estimate with vanishing
compact error. This slightly stricter condition will be required shortly for
the important conclusion of Theorem 3.17. Nevertheless, if (H, A) satis-
fies a Mourre estimate on some open interval I C R, then for any A € 1
that is not an eigenvalue of H, one can find a small neighbourhood J =
(—e+ A, A—¢) of X € I such that it satisfies a strict Mourre estimate on J.
To see this we give a simplified version of the argument in the proof of [2,
Lemma 7.2.12]: let, for any n large enough such that (f% + A+ %) cl,
E, =E((-1 4+ X\, A+ 1)); where E is the spectral measure of H. Then:

s—limE, =E({A\}) =0,
n—oo
as A is not an eigenvalue. It follows that for any compact operator K:
lim E,KE, =0.
n—oo
Therefore, if € > 0, one can find N, such that for any n > N :
(EnK Enlz) < ellz]|?,
so that for n > N:

E,KE, > —¢= E,KFE, > —<E,,.

(15) op(H), is the set of all eigenvalues of H. It is not to be confused with the dis-
crete spectrum, ogisc(H) = R\ cess(H), the set of all isolated eigenvalues with finite

multiplicity, or the pure-point spectrum: opp(H) = op(H).
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Hence, if 1;(H)i[H, A]1;(H) > p+ K, then:
Eni[H AlE, > (u—¢)E,.

Consequently, on small enough intervals around any non-eigenvalue, one
has a strict Mourre estimate for any v € (0, p).

3.6.3. Minimal velocity estimate

One of the most powerful consequences of the hypotheses of Mourre
theory, largely discussed and optimised in [2], is that it leads to a (gener-
alised) limiting absorption principle. In our case, thanks to Proposition 3.6,
Hy, H € C?(A), and we directly have access to an abstract propagation es-
timate due to Sigal-Soffer [37]:

THEOREM 3.17. — Let (H, A) be a pair of self-adjoint operators on a
Hilbert space 5. Suppose that A is a conjugate operator for H on I C R
and that H € C'*¢(A), (¢ € R%). Let p € R be such that:

1,(H)i[H, A]1;(H) > pl(H).
Then, for any b, x € C§°(R) such that supp x C I and supp b C (—o0, ;1)

one has:
+oo A )
Vue%ﬁ,/ Hb (t) x(H)e Hty
1

s—limb (f) x(H)e 't = 0.

2
dt
T <,

(3.27)

t—+oo

The importance of Theorem 3.17 is more obvious when the conjugate
operator can be replaced by simpler operators that help to understand the
propagation of fields. In [14, Lemma IV.4.13], it is shown that in the case
of the operators under consideration here, A can be replaced with |r*|, and
we obtain:

PROPOSITION 3.18. — Let x € C§°(R) such that supp x N ({0} U
op(H)) =0, then for any H defined by Equation (3.10), there are €,,C €
R such that for any ¢ € J2:

[e%e} 2
r* . dt
329 [ [t () xme o < e
Furthermore:
. 7] —itH __
(3.29) §;££ 1. < ; x(H)e =0.
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This “minimal velocity estimate” means that, given a certain energy
interval, all fields with energy in that interval, must be outside of the “cone”
{Ir*| < eyt} at late times; it will be crucial to the construction of the wave
operators.

3.6.4. Maximal velocity estimate

Independently of Mourre theory, one can show that we also have a natural
“maximal velocity estimate”, that is a consequence of the geometry:

PROPOSITION 3.19. — Let § € (0,1),b € C§°(R) be such that supp bN
[-1—6,14 6] = 0, then there is some constant C' € R* such that for any
u € I

+oo T* )
(3.30) / Hb (> e iy,
1 t

Furthermore, for any b € C*°(R) such that b = 0 on [-1 — 4,1 + 4] and
b =1 for |r| large, then:

2 qt

— <Clul*,

(3.31) s—limb (2) e~itH — (.

t—o0

The proof is identical to that of [13, Proposition IV.4.4].

3.6.5. What of t - —o0?

Up to now, we have only discussed estimates in the far future, and have
said nothing of the far past. After thorough inspection, one can convince
oneself that all the results here hold for —H (the conjugate operator should
also be replaced by its opposite), but, there is a faster way to see this. The
Kerr—de Sitter metric (1.1) is invariant under the simultaneous substitu-

t— —t
a— —a.

This is intuitively reasonable because a time reversed black-hole will rotate

tions:

in the opposite way. Consequently, all the results in the section have suitable
analogs at t — —o0.
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4. Intermediate wave operators
4.1. Overall strategy
In this section our goal is to show that, despite the long-range non-
spherically symmetric potentials at the double horizon, it is still possible

to reduce the scattering problem to a 1-dimensional one. To this end, we
introduce the following operators:

(4.1) Hy = Hy+h'Voh™,
(4.2) H, = Hy+ g(r*)v(0),
with:
a?sinf [12r2 -1 asin Or,
4.3 ¥(h) = = s om0 — ——%\/Agy
(4.3) (0) N/ (r§+a2> D+ pem 202 075
(4.4) pe =72 +a’*cos? 0, 7= ((I)I on> .

Finally, Vo and Vg are defined by equations (2.21) and (2.22), their asymp-
totic behaviour is described in Lemma 3.8.

Both H; and H,. are of the prescribed form (3.10), hence the theory
presented in Section 3 applies to them. We will show that we can compare
the full operator H = HP = hHyh + Vg + V& to simplified dynamics as so:

Hy, — H,,
r*—400

r*—+oo H, — H,.
r*——00

4.2. First comparison

The first step is to compare H to Hy. Here, there is no distinction between
the behaviour at the different horizons because:

H — Hy = (h*> = 1)Hy + h[Ho, h] + Vs + (B> = 1)h 2V

= (h® = 1)H, + Vs + h[Hy, h),
€822

and Vg +h[Hp, h| = YN/S is short-range. Proposition 3.18 is the key to prove:
PROPOSITION 4.1. — The generalised wave-operators:
1 _ o i eitHi o—itH
Q5 iﬁlilge e P.(H),

(4.5) ~) . )
e 1i itH —itH,
Q) = §_>1i1£e e P.(Hy),
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exist, where, for any self-adjoint operator B, P.(B) denotes the projection
onto the absolutely continuous subspace of B.

Proof. — We show the existence of the first limit at ¢ — +o0o0 the other
cases are similar; for H1, we would also need to avoid eigenvalues. We begin
by remarking that:

U i =pr(m,

X€CF (R)
supp xN{0}=0

so it is sufficient to prove the existence of the limit:
Vi oitH: —itH
e XU e
for every x € C§°(R),supp x N {0} = 0. Consider then such a y and let ¢,
be defined by Proposition 3.18. Choose jo € C§°(R) such that supp jo C
(—&y,&y) and jo = 1 on a neighbourhood of 0. Set j = 1—jo. (3.29) implies
that:
s limet jo () e-itH (H)=0
1 Jo\ 7 X ‘
It remains to prove the existence of:
*
e itHy o (T —itH
stjgne j<t>x(H)e .

For this, we apply the methods of Cook and Kato'® | who remarked that

the convergence, for every u in a dense set of 57, of the integral:

e d itH T i
_ ity ;[ 2 H —itH
[ (e () e ).

was a sufficient condition for the limit to exist. To prove the convergence
of the integral, there are two model arguments that will both be illus-
trated on this simple example. To begin with, let u € D(H) = D(H;) then

4 (eitHl J(5)x(H) e*itH> u equates to:

dt
ity (cpr o (T (T VAT —itH
o (s (7) =7 () =2 (7)) xanes e
. * 1 * * .
:d”“<y(z>(Hy—Hy+t(ﬂ—f;)f<2)>XUﬂeﬂw.

The treatment of the first term, illustrates the first type of argument. Con-
sider first:
H, — H=(h*-1)H, +Vs.

(16) see for example (16, 31]
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On supp j, one must have |r*| > et for some ¢ € R*, thus, ﬁ < 4

on supp j. Consequently, j(Z-)(h? — 1) = O(t~2) and j(%)Vs = O(t™2).
Because Hyx(H) is bounded, the term :

eitHlj (2) (H1 _ H)X(H) e—itH u,

is therefore integrable.

The final term, et L(I! — 22)/(Z2 )y (H) e~ u, that is not clearly in-
tegrable in the sense of Lebesgue, requires a different treatment, which will
serve as illustration for the second type of argument we use. Lebesgue inte-
grability is in fact sufficient, but not necessary; the key to Cook’s argument

is simply that for any ¢ and any t1,t5 sufficiently large:

eit21 (;) X(H)e—itzH _ it (;) X(H) e—itlHH <e

Moreover, by the Hahn—Banach theorem, there is v € 42, |jv|| < 1 such
that:

* *
eit2Hlj (;) X(H) e*itzH,u _ eitlHlj <T) X(H) efitlHu

So, one only needs to verify that for ¢, ¢y sufficiently large the integral:

& d itH, . r —itH
[ (4 amens)s

can be made arbitrarily small. Choose now Y € C§°(R) such that supp X N
{0} =0 and Xx = X, J € C§°(R), that vanishes on a neighbourhood of zero
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and satisfies jj’ = j'. Notice then that:

(-5 ()

The last three terms are O(t~2) so are integrable, this is not changed by
multiplying to the left with et and to the right with e *#. Now, for any
v € S, one certainly has:

e )i () =07 () () e
A o gy o)
x| (7| 5 e

for some K € R’ . In the above we have used the fact that:

}(T) (r1 - Tt) € B(#).

Applying the Cauchy—Schwarz inequality, we get the following estimate:
2 it L1~ ~(r r itH
|| (e s () (5 ) xtmeoa)
" t t t
1
ta . 2 3
~ (T ~ i dt
" t t
to r* )
/ j/ (t> X(H) e—ltHu
ty1

dt

N

1
AN
-
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However, it follows from Proposition 3.18 that there is some constant C' €

R such that:

2 \3 2 3
dt LT ; dt
had . o H —itH -
t) ( j ( t>x( Je |l — )

to to
<~/t\1 /t\l
RS i 2 dt :
<Ol (/ 7 (5 ) wmen )
t1
to
°\/
t1

1
AN
-

In the last inequality we have specialised to the case where |[v|| < 1. This
quantity can be made arbitrarily small, for large enough t1,t2, again by
Proposition 3.18. The existence of the limit then follows. O

*

3() S(H) ey

t

N

4.3. Second comparison

Our aim now is to show that asymptotically the dynamics of H; can
again be simplified. However, the comparisons we will make in this section
depend on the asymptotic region we consider. We will separate incoming
and outgoing states using cut-off functions, c4, that are assumed to satisfy:
cy € C®(R), cx = 1 in a neighbourhood of +co and that vanish in a
neighbourhood of Foo. We then seek to show that the following limits
exist:

Qi%@ :§;££ ot ey (r*) e Mt P (Hy),
(

iH it —iHpt
3

02 =s—lim
9y t—doo

e
ce(rfe

(4.6)
e

e
0% s, =s-lim et e (r*)e Mt P(Hy),

Qi,%ﬂe = §;:1t1£ et ¢ (r*) e et P.(H,).

This appears to introduce a certain arbitrariness into the construction, the
following lemma shows that this is not the case:

LEMMA 4.2. — If the limits (4.6) exist, then they are independent of
the choice of cut-off functions c.

Proof. — The main point is that two such functions can differ on at most
a compact set, i.e. their difference is an element of C§°(R). So let us prove
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that if ¢ € C§°(R), then, for instance:

IRT iHot *\ —iHqt —
iﬁ}:ge e(r)e P.(Hy) =0,

the other cases will be similar. As before, by density, we only need to prove
that:

s~ lim 10! () (Hy) e = 0,
o0

for any x € C§°(R),supp x N ({0} Uop(Hy)) = 0.

Let x be as so and let M € R%. be such that supp ¢ C [-M, M]. Choose
Jjo € Cg°(R) with support contained in (—e,,&,) such that, say, jo(s) =1
for any s € [—5, 5]. Then, for any ¢ > 1, jo(%-) = 1 for any |r*| < St

Hence, for t > QE—M,
X

*

e(r*) = e(r*)jo (Z) , for any r* € R.
It follows that:

shmé%%VﬂMHneWﬂshmém%wvm(r>mﬂnemﬁ

t—+o0 t——+o00 t
which vanishes by Proposition 3.18. g

We now argue that the limits (4.6) exist, with emphasis on:

(4.7) s-lime™! (1) e P(Hy),
the other cases being similar.

LEMMA 4.3. — H; — H. is short-range near the double horizon.

Proof. — Note that:

= 2 VA asin Or ~
(4.8) hVo=g ( (p = :9> I%p 4 pmI — 22 \/AG’Y>a

sin 6

o =
O(r,0)
and O(r.,0) = (). Thus, O(r,0) —¥(0) = o (r—re) = S (r1,
which leads to: ’
1

Ve —gd(0) = O (

r*—00 7"*2

).

Proof of the existence of (4.7). — As before, we only need to prove the
existence of:

%;EmeiHet C,(T‘*)X<H1) e—iHlt7
9]
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for any x € C§°(R) with supp x N ({0} Uo,(Hy)) = 0. Let x be as so, and
jo, J be as in the proof of Proposition 4.1, then:

o ime e (o (7 ) x(m) e <o

t—+oc0 t

and we must prove the existence of

*

s—limef<t c_(r*)j (r) x(Hy) e Ht,

t——+00 t

To simplify notations, set M (t) = et c_(r*)j (%) x(H1) e~ its deriv-
ative, M'(t), is given by:

ot () Lo () e () e

The term between parentheses is:

e (1) <T:> i(H, — Hy) +T" <c(r*)j (T))/ — ;—;cf(r*)j’ ( *>

The only new term compared with the proof of Proposition 4.1 is:

()

however this vanishes when ¢ is sufficiently large because ¢’ has compact
support and j vanishes on a neighbourhood of 0. Moreover, since H, — H;
is short-range near the double horizon and c_ vanishes on a neighbourhood
of 400, the first two terms are O(t~2) and hence integrable. The last term
is treated as at the end of the proof of Proposition 4.1. O

4.4. The operator H,

The expression of H. suggests that we seek to understand the precise
spectral theory of the operator, defined on the sphere by:

(4.9) D. =D +0(0).

In particular, we would like to show that there is a Hilbert space decompo-
sition of L?(5?) @ C* which enables us to decompose the full Hilbert space
¢ into an orthogonal sum of stable subspaces, that can be used to study
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H.,. Since 9(#) is a bounded operator it is an immediate consequence of the
Kato—Rellich perturbation theorem that ®. has compact resolvent. How-
ever, we require a slightly more thorough understanding of the structure of
the spectral subspaces and in particular how I'! acts on them.

4.4.1. Dimension of spectral subspaces

Decompose L?(S?) @ C* in the usual manner by diagonalising D, with
anti-periodic boundary conditions, and consider the restriction D7 of ©.
to the subspace with eigenvalue n € Z + % In the following F will denote
the spectral subspace of A € R for this restricted operator.

An element f in this subspace is an eigenvector with eigenvalue A € R
of ®7 if and only if it is a solution to the first order ordinary differential
equation:

5 i A 5 .V Ag o
(4.10) +/AgT Dgffi (2m+cot0>F f—are.sinf 22 vf

VAg a?sinf ?r? — 1
o+ -
sin 6 VA rZ+a?
Note that since I'! anti-commutes with I'?, T3, T'? and 7, if f is a solution
to (4.10) then 'l f is a solution to the analogous equation for —)\, in fact,
I'! is an isometry between E\ and E_,. The study of (4.10) is slightly
easier after the substitution z = cos 8, after which we obtain:

(4.11) a1(2)T2D, + az(2)T2f +az(2) T3 f +as(2)Vf + ag(2)T°f —Af =0,

where:

p> L3 f + pemI®f — \f = 0.

ap(z) = pem, a1(z) = —/ApV/1 — 22,
i (—a212 zV1 — 22 z >

2

(4.12) VBs V1221
az(z) = \/E Tngan )

a2(2) = =3 VAg +\/1—z2

Save the expressions v/1 — 22, \/1%77 all other functions appearing in the
coefficients (4.12) of the equation can be extended to analytic functions on
a disc centered in 0 and with radius 1 4 ¢ for some ¢ > 0, the reason for
this is that the parameters satisfy: |al| < 2 — /3 < 1 and 7. > |a|. This
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suggests that (4.11) extends naturally to a differential equation expressed
on an open subset of the 1-dimension complex manifold S:

S ={(z,w) € C?,z € B(0,1 +¢),2*> +w® =1},

where z is used as local coordinate - the implicit function theorem im-
plies that this can be done in a neighbourhood of any point in S save
(1,0),(—1,0). The functions z,w are globally defined and holomorphic on
S and (4.11) can be rewritten:

113) - /Agwl?D.f— L (a2 Y 4 2\ 2
(113) ~ VBurD.f - 5 (- Sk 2 )

20 1292 — 1
n \/Aen_'_awlzre L T3¢

w VAg Tit+a
VA

2p?

Ff + pemI’f = Af = 0.

— aw

By the Cauchy—Lipschitz theorem the set of solutions to Equation (4.13) on
S\{(1,0),(—1,0)} is a 4-dimensional vector space. The solutions to (4.11)
will be the restrictions to | —1, 1], (i.e. z € ]—1, 1[,w > 0) of those of (4.13).
Amongst these, we must pick out those in L?]—1, 1. Since . has compact
resolvent we already know that they exist only for a countable number of
values of \. We will not seek the exact condition for this, but, a simple
analysis of the behaviour of the solutions near a point where w = 0 will
enable us to see that the subspace of L?] — 1,1] solutions is at most of
dimension 2. To this end, we switch to local coordinates defined around such
a point, say, (—1,0). In fact, again using the Implicit Function Theorem,
one can choose w as local coordinate on a neighbourhood of (—1,0), the
equation then becomes:

414) VApeT2Dy f— - (a2 P 2\ 12
(110) VARrD,f - (s 2 )y

VA 2w ?r2 -1 .
+ 071+ a~w ;e Qp st
w VAg TS+ a
VALY
2p?

Af + peml’f —Af = 0.

— aw

(4.14) has a singular-regular point at w = 0('”), hence, one can apply the
Frobenius method, i.e. there are solutions of the form f(w) = w® ", ajw”.

(17 see [29]
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Plugging this anstaz into (4.14) we find that ap must be in the null space
of the map:

(4.15) M(a) =i (a + ;) I'? +nl3.

The kernel is non-trivial only if « satisfies:

(4.16) (a—n+;)2(a+n+;>220.

For each solution to (4.16), the kernel of M («) is of dimension 2, and so
one can generate two linearly independent solutions for each a(!®). Only
o = |n| — % can yield square integrable solutions to (4.11), thus it follows
that:

LEMMA 4.4. — In the notations of this paragraph, if n € Z + % and
A € 0(D7), then dim E < 2.

We now complete the proof of Lemma 2.4 ; the eigenequation §¢k7n =
AWk is the special case of (4.11), where r. = p = m = 0. In this case,
the equation has another symmetry that amounts to saying that I'? and
I'® anti-commute with the matrix P = (102 2). Hence, P, like I'', is an
isometry of Ey onto E_y, however for any u € C*\ {0}, Pu and I''u are
linearly independent, so that we must have equality in Lemma 4.4. The

form of the solutions follows from the block diagonal form of the equations.

4.4.2. A reduction of H,

Denote now:

o 0(D.)U{0} = (x)kez, enumerated such that p_j = —pug, for each
ke Z.

e For each k € Z, J(k) the set of integers ¢ € Z such that py is an
eigenvalue for @ZJF%; note that also J(k) = J(—k).

o If k € Z,q € J(k), Ex,q the spectral subspace of the eigenvalue
pr of @Z*é. By convention, if 0 ¢ o(®D.), we set J(0) = {0} and
Epo = {0}.

e For each k € N* and fixed ¢ € J(k), Eyq = L*(R) ® (B4 é_aE_k,q).

o Eoq=L*R)® Egq,q€ J(0)

(18) Note that, since the roots of (4.16) differ by a positive integer, the anstaz will need
to be modified to include possible logarithmic terms in the solution when oo = —|n| — %
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The subspaces E‘kyq are, by construction, stable under the action of H, and:
H= @B Eig
keN,qge J (k)

Now, let k € N*,q € J(k), if (€i)ic[1,dim B, ,] 13 an orthonormal basis
for Ej 4, then (I‘lei)ie[[l,dim Ey.,] 18 an orthonormal basis of E_j , and so,
since Ky 4 and E_j 4 are orthogonal, one can concatenate these two bases
to obtain an orthonormal basis Ej @ E_j 4. This enables us to identify,
isometrically, Ej , with [L2(R)]24m Fr.a via the natural isomorphism:

dim Ej, 4
((ui)ieﬂl,dim Er.ql (Ui)ie[[l,dim Ek,q]}) — Z (ui + 'Uz'rl)ei-
i=1
Through this isomorphism, the restriction, HZ™ of H, to E‘kyq corresponds
to the following operator:

ID; + g ()T + 1),
0 laim By, = laim By, 0 .
where I' = ( 0 "’) I = ( 0 ) and satisfy the

laim By, , —laim By, ,
important property that {I',T'} = 0. It is easily seen to be unitarily equiv-
alent to:

D} — purg(r))T2 + f(r*) if dim By, = 2,

—0. D} 4+ prg(r*)o, + f(r*) if dim By, = 1.
If 0 € 0(®,) then, dim Ey, € {1,2}, for any ¢ € J(0) and through the
natural identification described above is of the form I'D,.« 4+ f(r*) where T
here is just some unitary matrix. This is in all points analogous to (2.14),

(4.17)

and we will now be able to complete the scattering theory in a unified
fashion. It also follows that H, has no eigenvalues by the same Gronwall
lemma argument that was used for Hy in Section 3.6.1. In short we have:

LEMMA 4.5. — o(H,) = 04c(H.), consequently, P.(H.) = Id.

4.5. The spherically symmetric operators

The final step required in order to obtain the full scattering theory is to
compare H, and Hj to their natural asymptotic profiles, I'' D, + c4 at
r* — +o00 respectively; ¢y = % - rgiipaz and c_ = 0.

In the previous paragraph, we established that the Hilbert space 57
could be decomposed into an orthogonal sum of stable subspaces on which

H, reduces to a spherically symmetric operator ; this was also shown to
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be the case of Hy, in Section 2.3. Consequently, in order to construct wave
operators, we only need to work on one of these subspaces. Additionally,
the similarities between the reduced forms of H, and Hy imply that we, in
fact, only need to know how to construct the wave operators for('?:

(4.18) b=T'Dpe — pg(r*)I? + f(r7),

on [L?(R)]*, and under the assumption that we have minimal/maximal
velocity estimates. This is manifestly the case for our operators because
the estimates are stable under restriction to a stable subspace.

The important point is that the operator § in (4.18) is formally similar
to the restriction to a spherical harmonic of the (charged) Dirac operator of
the Reissner—Nordstrém black hole given in [14, Equation 3.6]. The extreme
black hole horizon (r* — 00) can be assimilated with spacelike infinity and
the symbols f, g have the same asymptotic behaviour at both infinities as
the corresponding ones in [14, Equation 3.6]. It follows that we can apply
the results of [14] to our case. We note that, in fact, our operator is simpler
than the one studied in [13, 14] since there are no surviving mass terms.

Precisely, using [14, Propositions 5.6 and 5.7] we find that :

PROPOSITION 4.6. — Let x € C§°(R) be such that supp x N {0} = 0
and choose 0 < 61 < 05, then there is a constant C' > 0 such that for any
u € [L2(R)]*:

+oo * * .
419 [ o () (1= T ) e

Furthermore :

. |7 r* _
(420) %:}_1&&1 1[91,92] (t rt— 7 X(b)e th — .

Analogous results can be established at t — —oo, but one must replace I'!
with —T'L.

2
dt
7S Cllulf®.

Remark 4.7. — For the specific treatment of our operators, due to the
lack of mass terms, it is possible to simplify the proofs in [14], avoiding
in particular the use of pseudo-differential operators. Indeed, the classical
velocity operator is, in our case, simply I''. The main argument of the
proof, i.e. estimating the Heisenberg derivative of a well-chosen propagation
observable ¢ is identical. The only difficulty encountered is a troublesome
long-range term that appears due to the matrix-valued coefficients of the

(19) We choose to discuss the case where dim Ey 4 = 2, but the reasoning is independent

of this choice.
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operator: the matrices I'! and I'? do not commute. Nevertheless, rather
large spectral subspaces of b sit in one of the spectral spaces of I'!, and,
restricted to these subspaces, the commutator is zero. Using the notion of
locally scalar operators introduced in [20], one can exploit this as in [14]
to prove that the term is no obstruction. Furthermore, one can adapt the
same arguments to show directly the following lemma:

LEMMA 4.8. — The following limits exist:

s—lime " e 10
t—too
Proposition 4.6 is known as a microlocal velocity estimate. It completes
the asymptotic information about the operator ? - which is itself to be
thought of as an approximate velocity operator - provided by minimal and
maximal velocity estimates. For instance, combining the three, we show

that :

COROLLARY 4.9. — For any J € C(R):

(4.21) s—lime'" (J (Z) — J(r1)> e 10 — 0,

t—+oo

Proof. — First, by density, it is sufficient to consider J € C§°(R). For
such J, the Helffer—Sjostrand formula can be used to show that the follow-
ing holds for any jo € C°(R):

(7(7) -7m)a (%)
% /8zj(z)(F1 —z)7! (Tt* - z>1 (Fl - 7:) jo (T) dzAdz
) ;)

The B(t) are uniformly bounded in ¢. By a further density argument we
only need to prove that for any x € C§°(R), 0 & supp x:

s—lime'™ (J (Z) - J(rl)) x(h)e™* = 0.

t—+4o0

~

Fix x and introduce a smooth partition of unity, ji, j2, j3 subordinate to
the open cover:

5 5
U1={Im|<ax—2},U2={|x|>1+2},U3:{sX—5<a:|<1+5},
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where ¢, is given by Proposition 3.18 and § € (0, 2¢,). Then:

& (1 (%) = ) xtmye
=3 (1) (7 ) xe

The result now follows from the minimal, maximal and microlocal velocity
estimates. O

4.5.1. Asymptotic velocity operators and wave operators for the
spherically symmetric operators

Corollary 4.9 can now be used to show the existence of asymptotic ve-
locity operators which are defined as the limits??) -
o ¥ .
Pt =s-Cy —lim ¢ — ¢7ith
t—+oo t

According to (Lemma 4.8), we know that the limits : ifliim el (£I'1) e~ 1t
—> 00

exist and, consequently:
PE =5 lime(£I') e 1Y,
(422) t—Foo
o(P%) ={-1,1}.

The final stage of the construction is to prove the existence of the (mod-
ified) operators in the spherically symmetric case. Here, the operators P+
can be used to distinguish between the incoming and outgoing states in-
stead of cut-off functions. The simplicity of their spectrum means in par-
ticular that:

H = Hn ® Hout,
where: J4, = 1{,1}(Pi), How, = 1{1}(Pi).

At the simple horizon, the asymptotic dynamics is given by h; = I'* D, +
co. The difference between this and the operator h is short range when
r* — +o00. Hence, the existence of the wave operators on 2, can be
shown in exactly the same manner as that of (4.7).

At the double horizon, it is necessary to modify slightly the comparison
dynamics in order to take into account the long range potentials, as in [14],
we choose to use the Dollard [17] modification; in particular, the existence
of the modified wave operator is contained in the results presented in [14,
Sections VIL.B (Theorem 7.2), VIL.C].

(20) See the appendices of [16]
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We briefly recall the main idea of the Dollard modification. We seek to
compare h = 1D — ug(r*)I% + f(r*) to ho = I''D,~ on J4,. Several
remarks are in order: both the potentials are long-range near the double
horizon and {I'?, o} = 0. This anti-commutation property means that the
corresponding term can be thought of as an “artifical” long-range term; it
is no obstruction to the existence of wave operators. This is perhaps best
understood by looking at h? :

h? = D7+ pPg(r*)? + f(r)? + Di{ Dy, f(r)} = 2uf () g (r*)T?
— AT, 1%} g(r*) Dy + ipg ()0 T2.
=0

We observe that there are no surviving long-range times containing g.

The main idea of the Dollard modification can be explained as follows: if
the potential f(r*) commuted with g, one could expect on a purely formal
level that:

it o —if (1)t g=ibot _ i(bo—pug(r*)T?)t o +if (r*)t o—if (r*)t o~ibot
— oi(ho—ng(r")I*)t (—ibot

Hence, modifying the asymptotic dynamics with /(") would enable us
to construct a wave operator. Now, of course f does not commute with b,
but, Proposition 4.6 and Corollary 4.9 suggest that, in some sense, r* ~ I''¢
when t — +00, therefore it could be a good idea to attempt to approximate
f(r*) with f(T''t), which does commute with ho! We are therefore lead to
try the above reasoning with the dynamics U(t,t) generated by f(¢I'!).
In fact, the comparison only interests us for r* < 0, so we will consider
the dynamics generated by f(tT'') = j(tT'")f(tT!) where j € C™(R) is
a smooth cut-off function satisfying j(s) = 0 if s > 1 and j(s) = 1 if
s < 4. Since t — F(tTY) = V(t) is uniformly bounded in ¢, U(t,ty) of
this time-dependent operator is given by the Dyson series, or, time-ordered

exponential:
+oo An
—i
U(t,to)zz(n!) /[tt]nT(V(tl)V(tg)...V(tn))dtn...dtl
n=0 05

= Texp <(i) /1t t V(s)ds) .

In the above, the operator T denotes time ordering of the operators which
is defined as:

T(V(t) ... V{ta))= > Lto)>to@ > >tom)V(tew) - - Vto(m)-
oeS,
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The uniform-boundedness of the operators V (¢) implies that this expansion
converges in norm. Set U(t) = U(t,0), then according to [14, Section 7.2] :

PROPOSITION 4.10. — The following limits exist:
i it —ith 1
?:)lilge b ¢t 1y (£17),
%*Iiimeithl e—iﬂ) 1{1}(Pi),
(4.23) o .
: ith —ith 1
§;1i1£e U(t)e ™ 1_qy(£I),

s—lim e U()* e 171, (PF).

t—+oo
Once more, we note that the proof in [14, Section 7.2] is complicated by
the presence of a mass term absent from our operators. The reader will find
a simplified proof in Appendix D.

5. The full scattering theory

In the previous two sections, the original scattering problem was progres-
sively reduced to a one-dimensional problem via two intermediate compar-
isons. We discussed the proof of the existence of a number of strong limits
that are to be identified with intermediate waves operators. In this section,
we assemble these results into the scattering theory we set out to construct;
the whole construction was broken up into three comparisons as illustrated

in Figure 5.1.
H, H Asymptotic profiles J

H, H Asymptotic profiles }

Figure 5.1. Successive comparisons

5.1. Comparison I

The difference between H; and H being a short-range potential at both
infinities, there was no obstruction to the existence of the classical wave
operators (Proposition 4.1):

Ql =s—li itHy, —itH P.(H
£ =golpe™ e RAH),

(5.1) ~ . )
e i itH —itH,
Q) = §_>1i1£e e P.(Hy).
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The properties of these operators are well known®?) | they satisfy:

QL=0L", olH=H0. ,

(52) Intertwining relation
QL70L = P.(H), QLOL" = P.(H)),

as such they are isometries between the absolutely continuous subspaces
of H and Hi; the intertwining relation shows that H and H; are unitarily
equivalent.

5.2. Comparison IT

The second comparison was established in Section 4.3 and required to
distinguish between states scattering to the double horizon /7., and those
scattering to the simple horizon .77, . This distinction was accomplished
using smooth cut-off functions c4, vanishing on a neighbourhood of Foo
and equal to 1 on a neighbourhood of +o0; we will denote by €+ the subset
of smooth functions with these properties. We have shown the existence of
the limits, for ¢4 € €4:

lHot

Qiﬁﬁ =s—lim e r*) *lHltPc(Hl),

t—+oo

02 =s-lim e
:t"#r-%— t—=+oco

+(
1H1t (’)"*) 1H0t’
(5.3) (

0L s, =5 lim el e (r7) e 0 P (HY),

02 e T iHit *\ —iHt
Q% s, —§Hli1£ ehte_(rf)e .

The limits are independent of the choice of cy; recall also that both H,
and Hy only have absolutely continuous spectrum. [36, Proposition 4] shows
that the ranges of both 92 Lo, and Q2 &0, are subsets of the absolutely
continuous subspace of Hy, it follows then that:

02 _ 02* 02 _ 02*
(54) Qi"}ﬁ'e == Q i"}ﬁ'c’ Qi,%-+ == Q i’%'+.

One also has the intertwining relations on the absolutely continuous sub-
space of Hi:

(5.5) HOQime_ = Qi,%’r+ y,
(5.6) HeQ?tJfre = Qi%’me Hi.
(21)

see, for example, [31, Chapter 37]
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Together, Equations (5.2), (5.5) and (5.6) give:
(5.7)  HoQi o QL =9% 4 QuH, HZ 4 QL =0% 4 QLH.

Now, since the limits are independent of the choice of ¢4 € %4, one can
always choose c4 such that 03_ +¢2 =1, consequently:

* *
(5.8) QQi%Qi% 4 g)2i“%ﬂr+93[7%ﬂr+ = P,(H,),
One could have also chosen c4 such that their supports were disjoint, there-
fore, we must also have:

(5.9) Qi,yf;e Qz*ﬂ:,yf” = in,%;+ 921,%;6 =0.

In other words, relation (5.8) is an orthogonal sum decomposition of the
absolutely continuous subspace of H; and the operators (5.3) are partial
isometries. We therefore have a decomposition of P.(H;) into incoming
and outgoing states. In what follows, to simplify notations, we consider
only the direct wave operators, analogous statements can be formulated
for the reverse ones. Define:

Xt = (ker @3 )*, X = (ker @3 o )™

out —

In virtue of Equation (5.8), these subspaces have nice characterisations,
indeed: X' is exactly kerﬂi,%mr N P.(H,)# and ¢ € kerﬂa_,%)“r N
P.(Hy)s2, if and only if :

. * —itH, —
i ey () e 6] = 0,

for any ¢, € €y. In other words, the states in X/'* are exactly those whose
energy is concentrated on R_ at late times. Similarly, ¢ € X(ffft if and only
if:

. *\ —itHq _
Jim_le_(r) e 6] =

for any ¢ € %_. An important point is that Qiﬂie maps Xigl onto a
similar subspace for H, (and similarly at 7., for Hy). If ¢ is in the range
of Q2 . , then there is ¢ € X such that:
li —itH, —ec_(r* —itHy —
S f[e™ e g —c(r7) e 9| = 0,
for any ¢ € ¥¢_. Hence for any cy € %4, one can choose c_ € ¢_ with
support disjoint from that of ¢4 so that:

0= lim_fles () e e — ey (r)e () 71 g
_ . * —itH,
= dim_flex (r) e e g

Conversely, all such states are mapped into Xﬁ ! by QZ:) A, -
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Incoming and outgoing subspaces for H, and Hy were originally defined
using the asymptotic velocity operators constructed in Section 4.5.1. These
operators were constructed on each of the stable subspaces of the respective
orthogonal sum decompositions associated to each of the operators, they
are:

Pj = s—lime'*He ! e*”fH‘f7 P+ =s-limetfo e ltHO,
t——+o0 t——+o0

and satisfy for any J € Co (R):

J(P+) =s—lime'tHe J ( ) e 1tHe
t—+oo t

(5.10) .

J(P)) = s—lime'*Ho J ( ; > e itHo

t—-+oo

In terms of these operators, X'* = Ran1g_(P;}) = Ran 1413 (Pf). Us-
ing (5.10), one can show that X7 as defined above coincides exactly with

the image Q% s, for 1nstance for any ¢ € 7,

. i ™\
L (BF)o = J(EF)o = Jim_e*He g (t) e

for any J € C§°(R) such that supp J C (—00,0),J(—1) = 1. Hence, for
any cy € Gy

lim cq(r*)e ltHfl{_ y (P2 )gbf hm ey (r*)J <T*) e itHe ¢ — (.

t——+oo t

The other inclusion is proved in a similar manner, one can show for example
that:

(5.11) . lil+n cy(r*)e e ¢ = 0, for any ¢, € €, = ¢ € Ran 1{1}(Pe+)l‘
—+o00
Indeed, let ¢ satisfy the condition and let ¢ € Ran1y3(P;). A similar
argument to the one above shows that for any ¢_ € €_:
: *\ —itH, _
tl}gloo c_(r*)e 1 =0.

Choose now c4 € €4,c_ € 6_ such that c; +c_ =1, then for t € R:

= (e () e e 6,07 e ) 4 (e g (1) e M ),
By the Cauchy—Schwarz inequality, it follows that for any t € R:

(@, O < [l lex () e e g + gl e— () e~ e

The right-hand side approaches 0 as t — 400 so that:

(¥, )| = 0.

(5.12)
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We can therefore define a global wave operator from the absolutely con-
tinuous subspace of H; onto the external direct sum Ranl;_1y(Pf) @
Ran 1{1}<P0+)
Q2 XM exll — Ranl_(Pf)®Ranlyy(Py)
(5.13)
(¢1,¢2) (Qi,t;ﬁﬁ%,Qi’;’;#%)

5.3. Comparison III

Although the results in Section 4.5 can be used to construct a scattering
theory for H, and Hy on the whole Hilbert space, the previous discussion
shows that, for our needs, it only relevant to do this on Ran1;_1;(P.) for
H, and on Ran 1{1}(P0+ ) for Hy. The asymptotic profiles are given by:

H_ o =I'D,-,
(5.14) a a
H, =T'D,. — .
* +(ri+a2 rg+a2>p

The outgoing and incoming states are identical for both of these operators
and given by:

At = Ran 1{1}(I‘1), A~ = Ran 1{_1}(F1).

Due to the stability of the subspace under I'', H., Hio, the results in
Section 4.5 prove that the following strong limits exist:

3 o i itHpeo o—itHo +
QJF’%GW o §_>_1"_1£e se le, (Fy);

t *
Qiﬂﬁ =5 limetH-o (T exp (1/ f(Fls)ds)> e e 1, (P,
© 0

t——+o0

Q3 =5 lime'"Ho i+ 15 (T!
BRI s r. (),

¢
Qi% =5 lime™fe T exp <1/ f(Fls)ds) e - 15 (T,
© 0

t——+o0

One also has : ﬁi S, = 9317 S, and similarly for S , this gives rise to
a unitary map:

Qi : Ranl{,l}(Pj)@Ranl{l}(PoJr) — T DHT =H

(¢17¢2) — (Qi,jﬁ“e ¢1’Qi7%+ ¢2)
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Finally, composition of Q}‘_,Qﬁ_,Qﬁ_ yields a unitary map W, between
P.(H)= X1 o XH and #, where:

u

Xit = (ker @3, Q)5 X0 = (ker Q3 L, Q)

out —
given by:
W, XHexll, — w-owt=ur

$r+¢a > QL OF 4 U1+ QL 4 OF 5 QLd
Remark 5.1. — A simple application of the above result is to define the
asymptotic velocity operator for the full dynamics. It is defined by the
limits for J € Coo(R),
J(Pt) =s-lime' J (Z) e H = W J(THWy,

t—+oo
Using the results discussed in Section 4.5.1, it follows that :
P =Wirtwy.

5.4. Scattering for the Dirac operator

We now return to the notations we adopted prior to Section 4, where we
dropped the explicit dependence of our operator H? for notational conve-
nience. We recall from Section 2.2 that HP coincides with the full Dirac
operator on each of the subspaces associated with the eigenvalue p € Z + %
of Dy. The global wave operators obtained in the previous section, al-
though defined on all of J#, also depend on the parameter p. However the
p-eigenspace is stable so that to obtain the scattering theory for the Dirac
operator one only need to reassemble each of the harmonics. Since the Dirac

(22)

operator has no pure point spectrum , there is no need to project onto

the absolutely continuous subspace. Therefore, we state our final theorem :
THEOREM 5.2. — For any ¢ = Zpez-s-% bp(r*,0)elP? € S set :
(5.15) PTo=Y" Pfo,er?,
pEZ+%
then & is a bounded symmetric operator with spectrum {—1,1}, and for

any J € C(R),

o il (T —iHt
J(<@+)—§H£ge J<t>e .

(22) see again (6]
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Moreover, defining :

Xin = Ran1;_1}(#7"), Xou = Ran1gy(2Y),
then, 7 = Xin ® Xout and the operator :
(5.16) Whe =Y Wle,e?,

pEZ+3
is a unitary operator such that :
Wy Xin = A, Wi Xouw = H,
and for the full Dirac operator H defined by Equation (1.15) :
H_ oW1y (PF) + Hi oW 1y (2F) =W H.

6. Conclusion

In this paper we have proposed an analytical construction for a scatter-
ing theory for particules in a region situated between a double and simple
horizon of an extreme Kerr—de Sitter blackhole. The presence of the sim-
ple horizon alone simplified the problem considerably, being an obstruction
to the existence of pure-point spectrum, and the existence of a conjugate
operator in the sense of Mourre theory ruled out the possibility for any sin-
gular continuous spectrum. The setting was therefore ideal for an analytic
scattering theory.

We found that, from an analytical point of view, the double horizon
region was analogous to that of spacelike infinity in Kerr—-Newmann space-
time. The theory is in fact slightly easier because the mass terms do not
persist at the horizons, meaning that things appear to boil down to the
massless case. As in this case, the reasoning hinges on the ability to obtain
a minimal velocity estimate.

The main difference and novelty is that the double horizon exacerbates
the effects of the rotation of the black hole by complicating the structure of
the angular operator; the mass also plays a lesser role here. However, this
did not prove to be an essential difficulty for the analytic methods used in
this paper, which is another illustration of their robustness.

The methods used here do however have the clear disadvantage of not
being very geometrical. In some sense, the study of the effects of the double
horizon is reduced to the distinction between long and short-range poten-
tials; it would be considerably more satisfying to seek a proof of the results
in this paper with a clearer geometrical meaning.
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Appendix A. Expression of the Dirac equation

In this appendix, we will sketch the calculations that lead to the operator
H studied in the main text. We recall that the massive Dirac equation for

a spin—% Dirac spinor (¢4, XA/) is :

(A1)

’

VAYGa =t m
Vaax™ =—poa, V2

To convert this into a system of four scalar equations we will use the local
spin-connection forms aABa of a local normalised spin frame (¢74) Acf{0,1}

defined by:

oﬁ};a = Eévaeg.
Given any orthonormal frame g% and a normalised spin frame sg such that
the vector fields:

! ’ !’
(A.2) 1 =¢flety; nt=cllel; mo=gilel;

of the Newman—Penrose tetrad (1%, n®, m®, m®) satisfy:

1o — g6 +97
V2
A. a _ 95—9%7
( 3) n \/i Y
a _ 95+igs
m® = S

then the spin connection forms are given in terms of the local connection
forms wij in the basis g% by:

o0 — W + iw? | whtwh | whted
0 2 7 0 2 2
(A-4) 2 2 B L
wh—wh Wl —w
0 _ Wo Wi Wy —wh
“ 2 R

A spin connection is a sl(2, C)-valued one-form, so necessarily:
__.0
ay = —ay.

In terms of the covariant derivative, this is equivalent to the requirement

that Veeap = 0. The forms aAB/,a = ng(vasgll) satisfy:

(A.5) o/]‘gla =%,
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Remark A.1. — It should be remarked that our conventions differ slightly
from those in [34], namely, we identify R* to H (2, C) via the isomorphism:

RY H(2,C)
xg

: T o+ T1 To—ix3
12 s '
o To +1x3 Xg— 1
Z3

Remark A.2. — Consider the Lie group morphism
A:SL(2,C) = SO4(1,3)

defined by associating to any A € SL(2,C) the matrix A(A) of the linear
map u defined by u(x) = p~1(Ap(z)A*),r € R* expressed in the canonical

basis of R%. Then, viewing w = (w*)ijefo,3) and o = (OéAB)A,Be{o,1} as
matrix valued one-forms, it follows that for any (p,v) € TM:

a,(v) = A (wy(v)),
where A, is the Lie algebra isomorphism induced by A.

Once a choice of spin-frame has been made, equation (A.1) can be written
as four scalar equations in terms of the components ¢4, x 4+ of the spinor
fields. For instance, the equation:

Vaad™ = —pxar,
becomes,
Vaard? + ¢ cc/fgfg' = —HXar-

For A = 0/, this translates to :
19V, 80+ 0V 4" + ¢ (aooala i aloama)+¢1 (ao1ala T allama) = —pxors
or, equivalently:
19V o1 — M Voo + b1 (a%,1% + ay,m?) — do (%1% + 'y, m?) = pux*.
Overall, we obtain the following system of equations for the components:

19Vax” +mVax +X"F + x"'G = —ugo,

mOVax" +nVax" + X" Gr + X' Fi = —pér,

MmOV a1 — nVado + ¢91G1 — dpoFy = —pux?,
19V oy — MV + 01 F — oG = px,

(A.6)
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where we have defined:
0 1 =
F=ay,l"+ay,m",
0 1 =
G=a" l"+a,,m",
F, = 0 a 1 a
1=07,m +oz1an R
0 1
Gi1 = ay,m* +ay,n",

and used the fact that, by (A.5), for any complex vector fields u®, v®:

A’ —a C' G _ A .a C ,a
g U+ o V=o' ut + o vt

A.1. Dirac equation in the “Boyer—Lindquist” frame

We will first use the results in [9] to write the Dirac equation in a nor-
malised spin-frame linked by equations (A.2) and (A.3) to the orthonormal
frame :

0 = 9 9
0 = 0 7]
goaxa p\/E((T +a)t+ag@)7
0 VA, 0 VA
A7 a = 776T a_~ )
( ) gl al’a p bl 92 3x“ p 65
0
ai =
93 oo

= d, + asin? 09,) .
sin 0/ Agp ( v t)
In such a frame, the expressions for F, G, F1, G are given by:

1 A
F=—re— (S + AT,
mmw( g >

2
G = mlgsinelf’ (iaAg sin® 07 + cos 0p° (1 + a*1° cos(26)))
FL=—F
G =G,
_ 0A,

where Al = 2= and 7 = (r + iacos 0).
In matrix form, with 1 =* (qbo, o1, %Y, X1/>, (A.6) is then:

("0, + V) = map.

In the above: _ _
0 0 ifF iG
0 0 iG -—iF
V=2 iF i1G 0 0 ’
iG —-iF 0 0
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. E(r2+a2)( 0 i]g) _iasineE (0 ay>
7 VA2 \~il2 0 VA2 \oy 0/’

TiﬁOaz 9_1&00;5
pQO'ZO”y_pQO'xO’

o aZ ( 0 iIg) . = (0 0y>
W= . —_—— .
VA2 \—il2 0 VAgp2sing \oy 0

The «* are the so-called “gamma matrices” that satisfy the Clifford algebra

2
|

anti-commutation relations :

{9} = 29" 1dy

0z,0y,0, are the Pauli matrices,

(01 (0 i AN
%=1 0) i o) " \o —1)7

A.1.1. Change of spin-frame

In the main text, we chose instead to work in a normalised spin-frame
defined by Equations (A.2) and (A.3) from the orthonormal frame :

ra Vet ja O 1

= T = 787‘7
T0= INavg Yt owe —Grr
a O 1 a O 1
/2 = 897 gl3 = ag&
oxe v/ —3960 ox@ V"9

The matrix P of the Lorentz transformation LY that sends g2 to ¢’ is

given by:
m(r2+a2) 00 __asinVA,
0 1 0 0
A. P=M,. »(Id) =
(A8) ey 1) SO
_(LSinQ\/E 0 0 \/TB(T2+G2)

[ V)

where we have defined 02 = Ay(r? + a?)? — A,a?sin? 6. Up to sign, the
spin transformation S € SL(2;C) that corresponds to P is:

o+ ia sin /A,
20 /2004
__lasin v A, ot ’
\/ 2004 20
in the above formula o = o + v/Ag(r? + a?). It is useful to note that o
satisfies:

(A.9) S =

2 2 2 _
oy —a“sin” 0A, = 200,
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The appropriate change of basis matrix in Sa, ® Sg" at each point p of
block IT is given by:

~ tg—1 i _
(A.10) P S 9 _ JiLHFasm@\/AT oy 0 .
0o S 20 V2004 0 oy

The equation satisfied by v’ = }3*11# is hence:
(A.11) iP~Y (48, + V) Py’ = map'.
The left-hand side is:

_ I Y
iPil('YHau +V)P =i <7Hau +V+ Pl'yﬂ(r“):w) ’

where:
o~ 0 ~0 ~ Eo 0 il
= b = b V:V7 t: . )
Y =7, +"=7 v TTAW(—UQ 0)
5o = aZq%p 0 il L =p 0 oy,
(A12) oA Ag \—il2 0 osing \o, 0/’
' P—l 78P \% Tf —Oy
i or p “"\o, 0 )’
P \/
P_ 96 9f9 Ta .
0  p -0, O

In the above formulae, we have introduced the following notations:
q2 = (Qg(r? +a®) = A,)p~%,
asin v/ A av A, (r? + a?) cos =
g =m0V 2 < = +a)+2mr),ﬁ;V A"+ a)cosO2
20 \/ 2 2044/ Ag
The final step is to replace the spinor with the spinor density. After trivi-
alising the density bundle, this amounts to the replacement :

ArpQO'Q i

2 + a?)?

a(r,f)—1
® satisfies almost the same equation as 1)’ except for two additional terms:
iv'0, (Ina(r, 0))® + iv? 9 (In a(r, ) @
Overall the equation becomes:

(A.14) 700, ® + 170, +1720p® + 170, ® + V1 ® = m®,
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with:
0 0 iF iG
(A.15) V=[O0 O G -—iF
F i@ 0 0
iG —iF 0 0

F W

F=+2F +i

no(r, ),
(A.16)

89 In a(r,0).
p
Rewriting (A.14) as an evolution equation, and introducing ® gz, the Dirac
operator on the 2-sphere, we obtain the following form of the Dirac equa-
tion:

(A.17) iatq>+iALV Bopigp_ A"@ q>+mq r 0,®
+ VAAH"<VHA>P38 ®+ VAAWV@ Va2 rog
o S1n g = =

This leads to the operator H given in the main text.

Appendix B. Proofs of the technical results of Section 2
B.1. Proof of Lemma 2.1

Proof. — Remark first that, from equations (1.11) and (1.12), since 7
is a double root of the polynomial A,, we have:

Ay = r*aOfoo <7‘12) ) Ar= r*9+w (672’”*) ,

(B.1) :
s- o (1)

r*——oo \ r*

Hence:
* 1 * —2KT
Oé(?“ ):T*—>O—oo (7’*2>7 O[('I" ):T‘ —+o0 (e ’ ),
(B.2) )
001~ 0 (£). oat)= o o
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For any n > 2, it is easy to see that 0'a(r*) = O(1). Now, Op=a(r*) =
a(r*)0,a(r*), so we have the correct behaviour at infinity after the first
derivative. We claim that for n > 1:

Fo(r*)(0ra(r)) ™ (a(r))F,

NE

(B.3) ota(rr) =

=

1

where o, € N, f, € I and By, + 2k > n + 2 for each k € [1,n]. This is
obvious for n = 1 and if such a relationship is true for some n > 1, after
differentiation one has:

(BA) 9 ta(r) =) 0. fi(r)(@ra(r™)) P (a(r®))*
k=1

+ B fr ()92 a(r™) (Opa(r*))* ~H (a(r*))

Therefore, 9™ a(r*) satisfies (B.3), with:
Br+1 = max(0, B, — 1),
Fusr = 0 fa(0r0) P14 B, £ 020,
fi=h=1F=f+1=n+1
For k € [2,n],
Br = min(By, + 1, max(0, Bp_, — 1)),
fr = 3rfk—1(3r0l)ﬁk‘rgk + Bk—lfk—laga(ara(T*))Bk_l7175)6
+ F(Dpa) P 1B,

The ﬂ clearly satisfy the required hypothesis; if Ek # 0, then, either Bk =
Br + 1 or B = Br_1 — 1. In the first case, then:

B+ 2k = n+4,
in the second case:
Be+2k>n+2+2—1=n+3.

If Ek = 0, then necessarily this implies f;_1 < 1. By hypothesis, Gx_1
satisfies: Bi_1 + 2k > n + 4, so, 2k > n + 3, and the hypothesis is equally
satisfied. Hence, the result follows by induction. The asymptotics can now
be read from (B.3), each term in the sum is O(a) = O(e=2%"") at r* — 400

and every term in the sum is O(r*~ ")) at r* - —cc. O
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B.2. Faa di Bruno formula

Let f,g € C*(R), then for any n > 1:

n

| £(mit...my) m;j

(n) _ nf °g ( (j)) ’

(feg)™ =% malLlmimgl2ime |y, Tl H g ’
(mlv--wmn)eln J=1

n
In: (ml,,mn)ENn,Z]mj:n
7j=1

B.3. Proofs of Lemmata 2.6, 2.7 and 2.9

Proof of Lemma 2.6. — 1t is clear that A is densely defined. In order to
show that A is closed, denote by P the orthogonal projection onto X for
each k € N and suppose that (2™ ),,¢n is a sequence of points of D(A) such
that 2™ — x and Az™ — y in X. Then for any k € N, Pyz™ — Prx and
P Ax™ = A Pyx™ — Py by definition, but since Ay is closed, it follows
that Pyx € D(Ag) and Pyy = ApPra. Thus :

Do lHAkP]® =Y [[Pey® < oo,
k k
sox € D(A) and Ax = y.

To prove that A is self-adjoint we show that A + z has dense range for
any z € C\R. Let y € X be such that (Az + zz,y) = 0 for any z € D(A).
In particular, for each k € N, and every = € D(Ay), (Arz + zz, Pry) = 0,
but then, since Ay, is self-adjoint, Pry = 0 for any k € N, i.e. y = 0. O

Proof of Lemma 2.7. — For any k,n, HY'™ is self-adjoint on D(HE™) =
b ([H(R)]*) (br.n is defined by equation (2.13))and [.'(R)]* is dense in
[H'(R)]*. Denote by Py, the orthogonal projection onto % ,. Let u €
D(Hy) and € € R%.. For each (k, n), one can find ¢y, ,, € [ (R)]* such that:

_ kt+n+2

2 2
Crp
where Ci, = Mg|lglloo + || f]loo + 1, it follows that:
D 1Pty = b (Gr)l* < %

k,n

> N Ho(Prnth — by (dr.0)I* < €%

k,n

16k, Pre,nth — Gkl (myjs < €

(B.5)
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Therefore, ka Py — b,;il(fﬁk,n) converges to some y € D(Hp). Set ¢ =
¥ —y, then ||¢ — || + ||[Ho(¢ — ¥)|| < 2¢, and for every k, n:
Pin¢ = Penth — Pony = by L (61.0),

i.e. ¢ € L. ¢ being arbitrary this concludes the proof. a

Proof of Lemma 2.9. — On ., the following equation makes sense:

Hf = D} +g(7“*)2©2+f(7"*)2+1%.19’(7“*)@%9(7"*)Qf(f*)Jr{f(?"*)» I'D,-}.
Furthermore, for any v € .7

[({f(), D Dy Yu,w)| < (T Dy, f(r)u)| + [(f (7" )u, T Dyea)
<2/ D [Lf (el
<

B.6
(B.6) 2 flloo [T Dyt

[llll,

N

1
§H1“1Dr*u||2 +2[1 F11Z llul?.
It follows that:

1 i} 1
SD% +20fI% > (/). 1D, } >~ D2 — 2| ).

Exploiting the fact that |¢’(r*)| < Clg(r*)| for some C' > 0, one has:
1'\1

‘ (_g’(r*)@u, u)
i

1 *
(B.7) < 1 lo ) Dul? + € ull,

< llg' ) Dullfull,

< gt )Dul? + €2 ul®
We thus conclude that:
Lo ve2 2 It L ea2 e
19 DT+ O > —g' (1")D > —1g(r")™D7 — C7.
In (B.7), we have used the fact that:
J2)D? < C22(r7)D2.

This follows from the functional calculus, since, if Z is an even function in
the second variable:

(26", D) = 3 / 20 M)t B,
k,n
U= Zb;;ukn,ukn € [LQ(]R)]‘l7

k,n
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and so inequalities valid for Z pass to the operators, here:
Z(x,y) = ¢'(2)*y,
which clearly satisfies: Z(x,y) < C?g(x)?y?. Finally:
[2g(r)Df(r*)u, w)| = 2|(g(r*)Du, f(r*)u)l,
< 2| flloollg(r™) Dul[]ul],
1 *

< 719t )Dull® + 4 IS ull*.

Thus:
1

1 * * * *
290727 +4IIf 1% 2 2007 f(r)D > —79()*D* — 4| fII%,

and therefore: 1
H3 > (D% + g2 ~ ',
where C" = 7| f||%, + C? > 0. Overall :
1
5Q—C'<Hf<2Q+C,

which concludes the proof. O

Appendix C. Proof of the technical conditions of Mourre
theory

C.1. Preliminary discussion

In this appendix, the reader will find proofs of Propositions 3.5 and 3.6.
We begin by remarking that the condition H € C1(A) is quite difficult to
check directly, despite the following characterisation:

THEOREM C.1 ([2, Theorem 6.2.10]). — H € C(A) if and only if the
following two conditions are satisfied:

e there is ¢ € Ry such that for all u € D(A) N D(H):
(1) ((Au, Hu) — (Hu, Au)| < c(|Hul]? + [ul]?),
o for some z € p(H) the set:
{u€ D(A),(H — 2)"*u € D(A) and (H — 2)"'u € D(A)},
is a core for A.

To overcome this, there is a useful scheme, based on Nelson’s commutator
theorem [35, Theorems X.36, X.37], that greatly simplifies the proof that
H € C'(A) in many cases. We first recall Nelson’s theorem:
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THEOREM C.2 (Nelson). — Let N be a self-adjoint operator with N >
1. Let A be a symmetric operator with domain D that is also a core for N.
Suppose that:

e For some ¢ and all ¢ € D,

(C.2) 1A% < ¢| Ny
e For some d and all ¢y € D:
(C.3) (A, Np) — (N, Ap)| < d|N3|%.

Then A is essentially self-adjoint on D and its closure is essentially
self-adjoint on any other core for N.

Remark C.3. — Note that it follows that D(N) C D(A) and A is essen-
tially self-adjoint on D(N).

The scheme is to find a third operator N — that we will refer to as the
comparison operator — whose domain is a core for both H and A; which
we establish using Nelson’s lemma. We then seek to apply the following:

THEOREM C.4 ([22, Lemma 3.2.2]). — Let (H, Hy, N) be a triplet of
self-adjoint operators on ¢, with N > 1, A a symmetric operator on
D(N). Assume that:

(1) D(H) = D(Ho) > D(N),

)
(2) D(N) is stable under the action of (H — z)~!,
(3) Hy and A satisfy (C.2) and (C.3),
(4) for some ¢ > 0 and any u € D(N), (C.1) is satisfied.

Then:
e D(N) is dense in D(A) N D(H) with norm ||Hul|| + || Aul|| + |||,
e the quadratic form i[H, A] defined on D(A) N D(H) is the unique
extension of i[H, A] on D(N),
e HeCYA).

C.2. The comparison operator N

Before identifying the comparison operator IV, we begin with an impor-
tant stability lemma:

LeMMA C.5. — For any n € N*,z € p(Hy), the domain of (r*)™ is
stable under the resolvent (Hy — z)~1 and x(Hy) for any x € C§°(R). The
statement remains true if Hy is replaced with H.
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The proof is identical to that of [13, Proposition IV.3.2] and will not be
repeated here. This lemma is very important for scattering purposes since

it is an indication of how decay rates behave under the action of H, but it

also serves to justify the use of the following comparison operator(??)

(C.4) N = D,%* +g(r)?D% 4+ (r")? = Q + (r*)2.

Decomposing . as in Section 2.5, Lemma 2.6 and equation (2.23) imply
that:

(C.5) D(N) = D(Q) N D({r*)*) = D(H§) N D((r*)?).
Finally (C.5) and Lemmata C.5 and 3.7, together lead to:
vz € p(Ho), (Ho—2)'D(N) € D(N),
Vz e p(H), (H-2)"'D(N)c D(N).

Thus, the first two conditions of Theorem C.4 are satisfied by the triplet
(H, Hy, N).

(C.6)

C.3. Nelson’s lemma

We will now check that Hy and A4 (S) satisfy the hypotheses of Theo-
rem C.2. To simplify notations, we will omit to specify the dependence on
the parameter S of the operator Ay in this paragraph, as all the results
discussed here hold for any S > 1. As a first step, we deduce immediately
the following useful estimates from (C.4):

LEMMA C.6. — For any u € D(N) :

i 1
7 D' Dy < [NZull, [lg(r*)Dull < [[Nzul,
’ * 1 1
Il < [N Eal, lull < | ¥l
LEMMA C.7. — With N as comparison operator, Hy satisfies Equa-

tions (C.2) and (C.3).
Proof. — Fix u € D(N), from Lemma C.6, we have:
[ Houll < |0 Dyeul| + [lg(r)Dull + |1/ (r)ull,
(C8) < @+ fllo) INull,
< @+ Fllo) [ Nwl,

(23) That has an almost uncanny ressemblance to the harmonic oscillator...
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this proves (C.2). Moreover:
([N, Holu, w)] < 2[(Tr*u, )| + 2|(lg' () g (r")Du, u)]
+ 2/ lloc | Dp=ullllull + 2/ Dr-ull[lg" () Dull,
(C.9) < 2(rullllull + Cllg(r*)Dul®
1 oo [ Dr-ull [l + ClI Dl g (r)Dull)
<21+ £ lloo + 20) [N,
In (C.9), we have used the fact that there is C' € R* such that:
lg'(r™)| < Clg(r™)],
and the functional calculus as in the proof of Lemma 2.9. O

In order to establish analogous estimates for A_, we will also need the
following estimates:
LeMmA C.8. — For any u € D(N),
*2
=l < [Null® + [Jul?,
(C.10) ) ) )
1Qull” < [Null” + [lufl”.

Proof. — As usual, we will prove it for u € .. One has:
[Nul” = (N?u, u)
(C.11) = [1Qull* + [|r**ul® + ul* + (Qu, r**u)
+ (r*%u, Qu) + 2(Qu, u) + 2[|r*ul|.

Since, for any v € D(Q), (Qu,v) = [T D2.v||2 + || g(r*)Dv]|? > 0, it follows
that:

(C12)  [Nul® > Qul? + lIr*ull® + ull® + (Qu,*2u) + (r*u, Qu).
Now,
(C.13) (Qu,m**u) = (r*Qu,r*u) = (Qr*u, r*u) + (2D~ u, r*u),
and so, adding the hermitian conjugate (r**u, Qu), one obtains:
(Qu, 7" 2u) + (r*u, Qu) = 2(Qr*u, r*u) + (2ir* Dy, u) — (21D, 7" u, u)
= 2(Qru,r*u) — 2[[ul® = —2|ul]*.
Hence,

*2
(C.14) [Null? > [[Qull* + [l ull* — [Jul|. O
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LEMMA C.9. — There is a constant d > 0 such that for any u € D(Q) =
D(H3),

(C.15) IDZwl® < d(Qull® + [lull®).

Proof. — As quadratic forms on .#:

Q* = Dy + (¢*(r)9%)* + D g*(r")D* + ¢*(r")D* D},
= D} + (¢*(r*)D?)? 4+ 20g(r*) D2 g(r*)®
+ (D7, g(r)]g(r)D? — g(r")D?[D}., g(r")],

> Dy + (¢°(r)9%)* + (D}, g], 997,
(C.16) = Dy + (¢°(r")D%)? = i[{ Dy, '}, g(r)]D?,

=Dy + (¢*(r")@%)% — 2(¢'(r"))*D?,

> DE o+ (g% (r*)D?)? — 2C%g(r*)* D2,

> DL+ L (20mD2)? — 20,

> Di — 20!
where we have used the fact that |g’(r*)| < Clg(r*)]. O

Combining Lemmata C.8 and C.9 yields:
COROLLARY C.10. — r*? D2. € B(D(N), #).
We are now ready to prove:

LEMMA C.11. — A_ satisfies (C.2) and (C.3).

Proof. — Until now we have not discussed the domain of A_ and will
simply consider it as being defined for u € ., which is a core for N. Then,
the following estimates hold:

| A—ul[* = (R—(r*) Dy+u, R_(r*) Dy-u) + — || R (r*)ul®

— % ((R—(r*)Dy=u, iR (r*)u) + (iR_(r*)u, R_(r*)Dy~u)) ,
< (R—(r*) Dy R_(7*)Dyxut)

* * 1 *
+ IR (r) R (rJul[[| Dol 4 3 IR u
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Since R’ (r*) is a bounded operator, using Lemma C.6 one can see that:
* * 1 *
IR (") R ()l | Dyl + [ RZ ()l

< I oo IV 3l + IRl
B oo (1 + 1 RZ [loo) | Null?.
Moreover, by Lemmata C.8 and C.9:
[(B—(r") Dreu, R(r") Dy )|
= |(R% (r*)u, D%.u) + 2(iR"_(r*)R_(r*)u, Dy-u)|
< V6d| Null? + 2| R [|oo [ Nul.

Combining the above gives (C.2). To prove (C.3) we start with the following
estimates:

([N, A_Ju,u)| = (—; (R@(r*)u,u) —i({D2., ’(r*)}u,u)

i

+2i (ﬁﬁ (;) uu> + (2ig' (r*)g(r*)R_(r*)®%u, u)

= |=i({Dy+, R_(r*) Dy }u, u) — %({Dr*,RZ () yu, u)

)

+2i (7"*2 32 (;) uu) + (2ig' () g(r*) R (r*)D%u, u)

< 2||D7~*u

1
(1R Dl + Sl

« 2
. r * * * *
r2 i ()| + 2o el 6 R-07)0ul
The only term that may pose problem is:
(C.17) [R—(r*)g (r*)Dul|.

However,

N

(C18) R(r*>g’<r*>=g(r*>j2<r*)r*( e )

2(r2+a?) Z(r2+a?)?
and the term between brackets is O (T%) because when r* — —oo,
r*——00
r approaches 7., the double root of A,, hence, both A, and A/ are at

least O (r—re) andr —r. = O () @Y. In conclusion, there is
rT—x r*——00

24 : _ 9A,
(24) Note that in (C.18) AL = =5
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C e R*|R_(r*)¢'(r*)| < C|g(r*)| and thus, by the functional calculus:
(C.19) IR (r")g' (r")Dull < Cllg(r*)Dul|

Overall,

(C.20) ([N, A-Ju,w)| < (B [loo + 2 (IR oo + C + 1)) [N2uf* O

According to the above result, we can conclude that A_ is essentially
self-adjoint on D(N); the analogous result for A, is proved
in [13, Lemma IV.4.5], the arguments are identical. Theorem C.2 also ap-
plies to A = Ay £ A_. In all cases, we will consider the operators and their
domains as being defined by the conclusion of Theorem C.2.

C.4. Proof that Hy, H € C'(A)

In order to prove that H, Hy € C'(A), we require one more estimate that
will be the object of this section. According to Theorem C.4 it is sufficient
to prove that for some ¢ > 0 and any u € D(NN) one has the estimate:

(C.21) |(Hu, Asu) — (Agu, Hu)| < | Hul® + [[u]?).

As before, we will focus our attention on A_ and refer to [13, Lemma IV.4.7]
for Ay . In order to apply Mourre theory, we will additionally need to show
that i[H, A] extends to a bounded operator from D(H) = D(Hy)? to
. Both of these are covered by the following estimates, established, first,
on the common core .¥’; we begin with Hy.

Let v € .7, then:

li[Ho, A_Jul| = |T*R"(r*)Dyeu — %rlR’_’(r*)u
—R_(r")g'(r")Du — R_(r") f'(r")u]

b

1
S B ool Drull + S 1R [loo]fu]
+[R-(r")g' (r)Dull + | B f'lloc[ull-

Using (C.19) and Corollary 2.11, we thus conclude that for some ¢ > 0 and
any u € .

(C.22) [i[Ho, A-Jull < c([[Houl| + [[ul])-

(25) This equality is to be understood to imply that the graph norms are equivalent.
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Hence, i[Hp, A_] extends uniquely to an element of B(D(H,), )
and (C.21) holds. In order to establish the analogous result for H, we
write:

[H,A_] = h[Hy, A_|h +i(hHoR_(r*)h + R_(r*)h Hoh) + iR_(r*)V".

Since h, R’ (r*) € B(D(Hy)), h[Ho, A_]h and R’ (r*)h'Hoh extend to el-
ements of B(D(Hy),#). For similar reasons to h, R_(r*)h' € B(D(Hy))
also, and, using (2.4), R_(r*)V’ € B(4#). It follows then that [Hy, A_]
extends to a bounded operator D(Hy) — .

Assembling all the results above, we have thus shown that Hy, H € C'(A)
and that the first two assumptions of Theorem 3.3 are satisfied. It remains
to verify the final assumption regarding the double commutator.

C.5. The double commutator assumption

Theorem 3.3 only requires that the double commutator extends to a
bounded operator from D(H) to D(H)*, this section will be devoted to
showing a slightly stronger result:

LEMMA C.12. — [A,[A, Hy]] and [A,[A, H]] extend to elements of
B(D(H), 7).

The consequence will be that H and Hy are in fact C?(A) (see [2, Chap-
ter 5]), proving the final point of Proposition 3.6. Beginning with Hy, it is
sufficient to prove this for the four double commutators [A, [A4, Ho]] sep-
arately; we will mainly concentrate on A_, but it will also be informative
to consider the mixed terms [A+, [A+, Ho]].

(a). [[Ho,A_], A_]. — A short calculation shows that:
(C.23)  (—i)[i[Ho, A_], A_]
— (=) (—;FlR’ (F*)R” (") — i(R_(r*))2T' D,
+iR_(r*)R" (r*)T' Dy — %rlR, (r*)R" (1)
—iR- () ((R_()g' (r)'D + <R_<r*>f'<r*>>')>.

Many of the terms in (C.23) extend clearly to elements of B(D(H), ),
either because they are bounded on 57 or using Corollary 2.11. The term
that merits comment is underlined; it expands as follows:

(C.24) R_(r*)g"(r*)® + R_(r*)g'(r*)D.
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We have already shown how to deal with the second term, and the first is
treated very similarly as it is easily seen that |g”(r*)| < C|g(r*)| for some
C eRy.

(b). [i[Hp, A_], A+]. — This double commutator, as a quadratic form
on ., can be computed as:

(_i)[i[H07 A*]v A+]

= (—i)([T"'R_(r*)Dy+, AL] — 2R_(r*)g' (r*) Ry (r*, D)1 D).
The first term vanishes, since on . it can be evaluated as:
[[*R_(r*) Dy, Ay] = —R_(r*) R (1", D),

and j; and j_ have disjoint support (cf. (3.2)). The second term, which,
on first glance, seems difficult to control, will equally vanish entirely due
to our choice cut-off functions j,j_,71. To see this, recall that:

# X _ o (1" =Kk 'In|D
Ri(r*,®) = (r* — k' In|D|)j3 <S||) .

Hence, since j; satisfies j1(t) = 1,¢ > —1, then:

(C.25) Ro(r*.®) = j2 (S) R.(r*, D).
It follows that:
2R() (IR D =2 ()52 (5 ) o ()R, DT,

but, j_ and j; are chosen such that supp j_ Nsupp j1 = 0, therefore this
term vanishes.

(c). [i[Ho, Ay], A_]. — Here, we start from(20):
i[Ho, Ay] = R, (r*,D) + 2ig(r*)D R4 (r*, D)T,
this leads to:
[i[Ho, AL ], A = BL(, D)R_ (1) + 2 (g(r" )Ry (", ) R_(+*)DT".

Since (C.25) is equally true if Ry (r*,D) is replaced by its first or second
derivative with respect to r*, one can argue as before and find that this
double commutator vanishes entirely. We refer to [13] for the appropriate
treatment of [[Hop, A4+], A4].

(26) I this equation R’(r*,®) denotes the operator obtained after differentiating with
respect to r*
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This concludes the proof that (Hp, A) satisfies the first hypotheses of
Mourre theory. To show that this is equally true of (H, A), we proceed as
before using (2.20). For example:

[[H,A_],A_] = h[[Hoy, A_], A_|h + 2ih[Ho, A_|R_(r*)I/
+ 2iR_(r*)W [Ho, A_Jh — 20’ R_(r*)HoR_ (r*)h/
— hHoR(r*)(R_(r*)h") — R_(r*)(R_(r*)I')' Hoh
—R_(r*)(R_(r*)V').

This extends to an element of B(D(H), #), thanks to the decay of b/, V",
etc. Similar computations show that this is equally true of the other double
commutators. The reader may be concerned that a long-range potentiel
may jeopardise our efforts in the mixed commutators, causing unbounded
terms to appear. However, this is not the case since either commutation
with A_ introduces the necessary decay through differentiation or terms
vanish entirely due to the choice that j; and j_ have disjoint supports. For
the first point, more precisely, if, for instance, f € .7 (R), then :

[f(r7), A_] =iR_(r) f'(r7).
In all cases encountered, f, when expressed as a function of r, has bounded

derivative and therefore, at least, [f(r*),A_] = O(%).

e

Appendix D. Proof of the existence of the Dollard
modified wave operators

In this appendix we shall prove the existence of :

(D.1) s— lim e U(t)e tho 1 (Th.

t——+oo
Proof of the existence of (D.1). — The asymptotic velocity operator is
simply T'! for hy which is the reason why we use it to split incoming and
outgoing states for ho. The first step is to replace the projection with an
operator that is more convenient to work with. First of all, for any J €
C§°(R) such that, supp J C (—00,0) and J(—1) =1, J(T'!) = 1,3 (T").
Furthermore for each ¢, one has:

(D:2) M U(t)J (2) e~itho
= el U(t) e itho (eitho J <7’t) e~ itho —J(F1)>

+ e U(t)e~ithe y(1t).
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Now, eit0 U (t) e~1*Y0 is uniformly bounded in t so applying®”) Corollary 4.9
to hp, we find that the strong limit of the first term exists and is 0, so, using
another classical density argument we only need to prove the existence of:

s— lim ¢ U(®t)J <Tt) e” 0 y(ho),

t——+o0

for any x € C§°(R),0 ¢ supp ¥, this in particular implies that xy =0 on a
neighbourhood of 0.

Once more, we use Cook’s method and to that end we calculate the
derivative; one finds:

elth (g i (—,u)g(r*)FQ + 1‘]1 i It — i X(f]o)U(t)e_itbo
(%) () 7))
+ elth (iJ (Tt) fr*) —iJ (Z) f(tr1)> x(ho)U (t) e~ o .

The term involving J’ can be treated by the second method explained in
the proof of Proposition 4.1; we will not repeat the reasoning here.
Let us examine the first term:

7= 17 () () e Ul (ho)
where we have used the fact that I'' commutes with ho, hence U(t) com-
mutes with x(ho) and e~*h0. Since I'? anti-commutes with T't, T2U(¢) =
U(t)T2, where®®) U(t) = T exp(if (~T''t)), so one can rewrite T as follows:
7= 17 () (000710 o0 120 i)
Set E(t) = fg elsho I'2 e~isho y (pho)ds. T'? anti-commutes with b, therefore:

t
B =T [ (o)

However, it follows from the bounded functional calculus that:

t t
‘ / e~ 2isho x(ho)ds / e~ AsA x(A)ds|.
0 0

Since x = 0 on a neighbourhood of 0, this is finite and bounded indepen-

= sup
AER

dently of ¢, so E(t) is a uniformly bounded function of ¢. Now, for any

(27)
(28)

although it is simpler for hg
The operators under consideration here are all bounded, the series defining U (¢)

converges in norm and fis continuous and bounded, so one only needs to check the
anti-commutation property on polynomials.
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ti,ta > 1,
(D.3) /t t Ty (t)dt = [ei“’ i (rt) (—u)g(r*)ﬁ(t)ei“’OE(t)]i
_ /t t 0, (eith(iJ (’;) (=) g(r*U(t) ei”w> E(t)dt

Since J vanishes on a neighbourhood of 0, and E(t) is uniformly bounded,
the term in the squared brackets vanishes as t1,ts — +o00:

¢t (2) (—p)g(r)U(t) e B(t) ‘ =0 (|g(r*)|J (2)>

()

Additionally, due to the further derivative, the integrand in the second term

(D.4)

is O(t72) and hence integrable. It remains to treat the final terms:
Ty = e (iJ (2) frr) —iJ (7;) f(trl)> X(ho)U () e ™Mo .
Notice first that, supp J C (0, —00), so J(TT) - J(%)j(r*) and:
7y =i () (7o) = Fer)) b e,

It follows from (2.4) and the subsequent remarks that f e 8" and one

can use the Helffer—Sjostrand formula to obtain an expression for (f(r*) —
f(tI‘l))J(%) as in the proof of Lemma 4.9:

o) = Ferps () = (7= 7)1 (77)

where B is a uniformly bounded operator in ¢. The desired integrability
result is hence a consequence of the microlocal velocity estimate (4.19); the
existence of (D.1) follows. O
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