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Analytic and conformal scattering in
general relativity

Jean-Philippe NICOLAS'

This paper is about two important trends of scattering theory in general relativity: time
dependent spectral analytic scattering and conformal scattering. The former was initiated by
Jonathan Dimock and Bernard Kay in the mid 1980’s and is based on spectral and functional
analysis. The latter was proposed by Roger Penrose in 1965 and then constructed for the first
time by Gerard Friedlander in 1980 by putting together Penrose’s conformal method and another
analytic approach to scattering: the Lax-Phillips theory due to Peter Lax and Ralph Phillips.
We shall review the history of the two approaches and explain their general principles. We shall
also explore an important question: “can the tools of one approach be used to obtain a complete
construction in the other?”.

Keywords. Scattering theory, general relativity, black holes, conformal compactification,
null infinity.
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1 Introduction

A complete scattering theory provides precise information on the asymptotic behaviour of
solutions to a field equation for large times and, in addition, proves that the knowledge of the
asymptotic behaviour is equivalent to that of the solution itself. It entails the existence of a
scattering operator, that maps the asymptotic behaviour in the past to the one in the future
and is an isomorphism between well-chosen function spaces. We shall consider two important
approaches to scattering theory in general relativity: spectral analytic time dependent scattering
and conformal scattering. Our purpose is to present the essential features of each approach
illustrated on simple examples, then to explore the links between them. We shall focus on linear
massless fields on Ricci-flat spacetimes, in which case the conformal boundary is made up of null
hypersurfaces.

Time dependent scattering theory in general relativity has been a very active research area for
several decades now. It was initiated in the mid 1980’s by the works of John Dimock and Bernard
Kay on the scattering of scalar fields on the Schwarzschild metric |21, 22, 23, 24]. Then Alain
Bachelot and his group developed systematically the analysis of scattering on the Schwarzschild
metric, these efforts culminating in a rigorous proof of the Hawking effect in this framework
[1, 2, 3, 4, 5, 6, 45, 46, 52]. In the early 2000’s, the research moved towards the Kerr metric and
the techniques used changed and got more involved, with Mourre theory and positive commutator
methods, a detailed account of which can be found in the book by Yan Dereziriski and Christian
Gérard [20]. Mourre theory is inspired by quantum mechanics in Heisenberg’s formalism; the
idea is to construct, for the hamiltonian of the evolution equation under consideration, a so-called
conjugate operator that resembles a position operator or a generator of dilations and is increasing
along the evolution. This last property, derived locally in energy by means of pseudo-differential
cut-offs, entails among other things a weak version of the Huygens principle (a minimal velocity
estimate) that is essential for the construction of the scattering theory. There has been a very
important activity in this direction, starting with works by Dietrich Hafner, at first on his own
and then with the author,|33, 36, 34, 30, 31, 32, 16]. Recently, Nicolas Besset studied the
scattering of charged scalar fields on charged backgrounds using resonance methods [13, 14, 15].
Moreover, the time dependent scattering of Dirac fields in the interior dynamical regions of black
hole spacetimes such as Reissner-Nordstrom and Kerr has been investigated in the last few years
by Dietrich Héfner, Mokdad Mokdad and the author [35] as well as Mokdad Mokdad with Rajai



Nasser and Milos Provei [50, 51]. The main principle of time dependent scattering theory is to
compare a physical evolution with a simplified one in order to show that a field obeying the
physical evolution approaches asymptotically a solution to the simplified comparison equation.
In adequate situations (stationary spacetimes for instance) this comparison can be performed
using spectral analysis; this is the case of most of the works cited above and this is the trend
that we shall describe in this paper.

There was also earlier work by Lax and Phillips, in particular their remarkable book published
in 1967 simply entitled “scattering theory” [40], that was already an example of scattering in
relativity, but in the flat case. The topic was a scattering theory for the wave equation in the
presence of an obstacle.The approach was different from the trend we first mentioned. It is not
a time dependent approach but uses a decomposition of the field on generalised eigenfunctions
of the Hamiltonian of the wave equation. The part of their work that concerns the behaviour of
the wave away from the obstacle is in itself very interesting and was to provide a major incentive
for development of the first conformal scattering theory.

Conformal scattering was originally proposed for the full gravity by Roger Penrose in 1965
in his beautiful paper on the asymptotic behaviour of zero rest-mass fields [55]. The idea was
to use the conformal method to set data for the Einstein equations on past null infinity and
to evolve the solution right up to future null infinity. The first actual construction was due to
Gerard Friedlander in 1980 [28], for the wave equation on a static asymptotically flat spacetime
with a complete smooth compactification. There are no such solutions to the Einstein vacuum
equations apart from Minkowski spacetime, but Friedlander was not assuming that his spacetime
was Einstein. His motivation came from his earlier study of radiation fields [25, 26, 27] — that are
the restrictions at the conformal boundary of the rescaled field and can be seen, equivalently, as
the leading order of the asymptotic behaviour of the physical field along outgoing null geodesics
— and from the Lax-Phillips theory in which the main object is a “translation representer” that
is constructed by stationary spectral methods but is a posteriori re-interpreted as being exactly
the radiation field. His idea was then to use the conformal technique to recover the translation
representer without using spectral analysis. He assumed the spacetime to be static in order to
ensure that the radiation field behaves as a translation representer (we shall see later on, that this
behaviour requires merely stationarity). His idea was then extended to nonlinear equations by
John Baez and his collaborators but still on static backgrounds [7, 8, 9, 10, 11]|. The fundamental
idea of conformal scattering is what was initially proposed by Penrose, that a complete scattering
theory can be understood exactly as the well-posedness of the Goursat problem at the conformal
boundary of the spacetime. This makes sense naturally for conformally invariant equations. For
gravity, one would expect to use Helmut Friedrich’s conformal Einstein equations (see for example
[29]). In 2004 Lionel Mason and the author [42] used Lars Hormander’s simple resolution of the
Goursat problem [37] based on energy estimates and weak convergence methods and adapted
it to construct a conformal scattering theory for zero rest-mass fields of spin 0, 1/2 and 1 on
asymptotically simple spacetimes with a smooth timelike infinity. Such spacetimes have an
almost complete conformal compactification, the only singularity in the conformal boundary
being at spacelike infinity, and they can be generically time dependent. This construction has
been extended to a nonlinear Klein-Gordon equation by Jérémie Joudioux [38, 39|, to Maxwell



fields on Schwarzschild-de Sitter-type spacetimes and to Dirac fields inside a Reissner-Nordstréom
spacetime by Mokdad Mokdad [49] and to Maxwell potentials on asymptotically flat spacetimes
by Grigalius Taujanskas and the author [54].

The paper is organised as follows. In Section 2 we present the principles of spectral analytic
time dependent scattering, detailing the cases with one and two Hilbert spaces with explicit
examples. Section 3 is devoted to a brief description of the Lax-Phillips theory in the case where
there is no obstacle. Conformal scattering is then the object of Section 4 with again a description
of the main ideas and some concrete examples. Finally, in Section 5, we explore the analogies
of structure between the various approaches and describe some transversal constructions, i.e.
methods that use the tools of one approach to infer the results of another.

2 Spectral analytic time dependent scattering theory

The principle of time dependent scattering theory is to describe the asymptotic behaviour of
a field in a given asymptotic region as a solution to a simplified equation. Let us first consider
the very simple example of the wave equation in 1 + 1 dimensions

o — 026 =10, (2.1)

as an evolution equation on the real line with respect to the time parameter ¢. In this case we
have two asymptotic regions corresponding to x — 0o and we may wish to study the asymptotic
behaviour of solutions in the distant past or future. We know from D’Alembert [18] that the
solutions to (2.1) on R%t,x) are the functions (this extends trivially to distributions) of the form

p=Fz+t)+G(x—1t). (2.2)
The functions F(x 4+ t) and G(z — t) satisfy the simpler equations

(0, — 0y) (F(z +1)) =
(O +0:) (G(z — 1)) =

9 (2.3)
(2.4)

The asymptotic behaviour of (2.2) at —oco as t — 400 and at +00 as t — —oo is described by the
function F'(x + t) solution to the simplified equation (2.3). Similarly, the asymptotic behaviour
of (2.2) at 400 as t — 400 and at —oo as t — —oo is described by the function G(z —t) solution
to the simplified equation (2.4). The initial data for solutions to the simplified equations, i.e.
the functions F(z) and G(x), are called the scattering data for (2.2). More precisely, F is the
future scattering datum at —oo as well as the past scattering datum at 4+oo and G is the future
scattering datum at +o0o as well as the past scattering datum at —oo. The knowledge of the
solution (2.2) is equivalent to that of the scattering data F' and G.

Although this is a completely trivial example, it shows clearly the basic features of a complete
time-dependent scattering theory, that we shall recognise in the simplest situation where only
one function space is involved.



2.1 The one-space scattering

We start by considering a time-dependent scattering theory obtained by comparing two op-
erators that are self-adjoint on the same Hilbert space. In the next subsection, we explain the
main ingredients of the theory in an abstract setting; this is classic material that can be found
in many advanced functional analysis books, for instance M. Reed and B. Simon [57], Volumes
1 and 3. Then we move on to a concrete example of such a situation, for which we shall explore
more precisely the methods used to construct the scattering theory.

2.1.1 Abstract principle

Let us consider a separable Hilbert space H, two self-adjoint (usually unbounded) operators
Hy and H, as well as the associated evolution equations

dp ..
dp
E + ’LH()’(ﬂ = 0, (26)

where the unknowns ¢ and 1 are functions on R with values in H. The operator H will be
referred to as the full dynamics and Hy as the simplified dynamics.

We denote by D(H) and D(Hj) the natural domains of the two operators, they are dense in
H. The propagators for both equations, e ™ and e=®H0  are strongly continuous one-parameter
groups of unitary operators on H, which means that they satisfy the following properties (ex-
pressed here only for e=#)

1. for any t € R e7*H is a unitary operator on H,

2. forall t,s € R, e /) — o—itH o—isH ynq ¢=10H ig the identity of H,

w

. for any ¢o € H, e ¢y € CO(Ry; H),

W

. for any ¢o € D(H), e"*H ¢ is differentiable on R with values in D(H) and we have

d . .
a(e—”H do) = —iHe Hpy YVt e R.

The way one usually implements the comparison of the two dynamics for large times is to
define the so-called wave operators.

Definition 2.1. The direct and inverse wave operators, if they exist, are defined as the following
strong limits of unitary operators

W* = s— lim eZtHeﬂtHo,
t—+oo

W = s— lim etHoe it
t—+oo



If in a certain sense the operators H and Hj are asymptotically close, then one can establish
the following type of result

Theorem 2.1. The direct and inverse wave operators exist, are isometries on H and satisfy
W* =W~ = W*)*. (2.7)

Remark 2.1. Note that the framework we are presenting here is valid in a relatively simple
case where the spectra of both Hy and H are purely absolutely continuous. When this is not the
case, the definition of the wave operators requires to apply first a projector onto the absolutely
continuous spectrum of the first operator.

The existence of the direct and inverse wave operators is all there is to prove, their unitarity
then follows automatically from the definition and the unitarity of the propagators. Equation
(2.7) also follows directly since for ¢t € R

ethefthoethoefth — Id’H )

The existence of the inverse wave operators is usually referred to as ‘asymptotic completeness’.

2.1.2 The Weyl equation with short-range potential

We now move on to a slightly less simple case: the Weyl neutrino equation on Minkowski
spacetime with a time-independent short-range skew potential

Or + 010y & + 0700, ¢ + 0°0s, ¢ + iP(2)p =0, (2.8)
PcC®R3; My(C)), 'P=P, P(x)=0(|z|'7°), ¢ >0, (2.9)

where = = (z1,x2,x3) and

L (1 0 o (0 1\ 5 (0 —i
“‘(0—1"’_10"’_10’

are the Pauli matrices’. We consider (2.8) as an evolution equation on R3. There is only one
asymptotic region and we wish to compare the behaviour for large times of solutions to (2.8)
with that of solutions to the free Weyl equation

Op + ' 0p 0 + 00, + 00,1 = 0. (2.10)
To do so, we can express the two equations in the form of Schrédinger equations: for (2.10), we

get
‘?;f — —iHo, Hy = —ic' 0y, — i0°0, 1) — i0°0, 1 (2.11)

2Tt would probably be much better to express the equation in 2-spinor form, but for our present purpose, it is
more convenient to express it through a choice of spin-frame as an equation on a complex vector.




and for (2.8),

9

i —iH¢, H= Hy+ P(x). (2.12)
A usual and fairly natural way of expressing the property that solutions to (2.8) behave for large
times as solutions to (2.10) is to show that direct and inverse wave operators can be constructed.
The operators H and Hy are self-adjoint on L?(R?; C2?) with domain H!(R3; C?). Given data
po € L2(R?; C?), (resp. o € L2(R?; C?)), ¢(t) := e ™ g (resp. (t) := e Hoyy) is the
unique solution to (2.8) (resp. (2.10)) such that ¢(0) = ¢ (resp. ¥(0) = 19). We have the
following theorem.

Theorem 2.2. The direct and inverse wave operators

WE = s— tl}iinoo !t gmitHo (2.13)
W* = s— tiiimoo eitHo =it (2.14)

are well-defined and are isometries of L>(R3; C?). Moreover, we have
WE = (W) = (W), (2.15)

The result is then easily interpreted as describing the asymptotic behaviour of solutions to
(2.8). Indeed, for ¢g € L?(R?; C?), put

Vi =Wy . (2.16)
Then we have
tgimoo HefitH(bO . efitHow(ﬂ):H _ tliimoo HeitHoefitHgbo _ ¢3EH _ “Wi¢0 _ d}g:H —0, (217

where we have used the unitarity of e=#0 and its group properties. Equality (2.17) shows that
solutions to (2.8) behave for large times as solutions to the free equation (2.10). The data w(jf
for the free equation defined by (2.16) are called the past and future scattering data.

Definition 2.2. The scattering operator is defined by
S T (2.18)

It summarises the whole evolution of the field by transforming the past scattering data into the
future scattering data.

The proof of Theorem 2.2 is entirely based on a simple argument called Cook’s method. We
shall now describe Cook’s method and then explain how we can use it to prove the theorem.



2.1.3 The basic tool: Cook’s method

Cook’s method is quite systematically used in the construction of wave operators. It is
based on a sufficient condition for the existence of a limit at infinity of a C' function on R: the
integrability of its derivative. We shall simply apply this condition in our case and derive a
condition that corresponds to Cook’s method. For the general result, see Theorem XI.4 from
Reed and Simon’s Volume 3 [57].

Let 19 € C§°(R?; C2?) which is a dense subspace of HY(R?; C?) = D(Hp) = D(H) and of
L*(R3; C?). We put U(t) := e e=oypy. Then ¥ € CK(R;; H*(R3; C?)) for all k,s € N, in
particular

¥ e CYR;; LA(R?; C?))

and
U (t) = ie™ (H — Hy)e 0y = i P(g)e™Hoy)yg (2.19)

Similarly, let ¢p € CS°(R?; C2) and put ®(t) := eiHoe~#H ;. Then
® e C'(Ry; L*(R3; C?))
and . . . .
P'(t) = i (Hy — H)e H gy = —ie™Hop(g)e " H g . (2.20)

Equations (2.19) and (2.20) show that if we can prove that P(x)e~#Hot)y and P(z)e " ¢ are
in LY(R; L%(R?; C?)), then we can infer the existence of the strong limits (2.13) and (2.14) for
Yo, po € HY(R3; C?). This in turn entails that the direct and inverse wave operators are well
defined using the boundedness of the propagators and the density of C5°(R?; C?) in L*(R3; C?).

2.1.4 The essential role of the Huygens principle

We obtain first the integrability of W(t¢) which will yield the existence of the direct wave
operators. This is easier than the existence of the inverse wave operators because the free
equation satisfies the Huygens principle. More precisely, given 19 € Cg° (R3: C?), there exists
R > 0 such that ¥9 =0 in {|z| > R} and this entails that

e oy, = 0 for |z| < |t| — R. (2.21)
Consequently, for |t| > R, we have

1P(@)e oyl e < (1P@)l| oo (glaie—rp e o]l 2

= | P(@) | oo ({|a|> || —r}) [P0l 1.2

and thanks to the assumptions on P, ||P(2)|| o0 ((jz/>t|—ry) = O(/t|7*7%) and this proves that
P(z)e ®Hoypg € LY (Ry; L2(R3; C?)).



2.1.5 A weak version of the Huygens principle

Because of the presence of the potential P, Equation (2.8) does not satisfy the Huygens
principle. In order to be able to transform the decay in space of P into the decay in time of
P(z)e™ ™ ¢y, we must find an approximate version of the Huygens principle.

Trace-class perturbation techniques can be used to establish the existence of the inverse wave
operators. The idea is essentially to understand the integrability on the spectral level, which is
in a sense akin to a Fourier transform approach. The case of a potential V' € L'(R?), which is
a little more restrictive than the situation we are considering here, is treated by such methods
in the book by Baumgértel and Wollenberg [12] Section 16.3.2. In the fully general short range
case, a proof of the asymptotic completeness by the non-stationary phase method can be found
in Thaller’s monograph [58] Section 8.3.1. The drawback of both approaches is that they do
not provide an intuitive geometrical understanding of a mechanism that replaces the Huyghens
principle. Mourre theory offers a different spectral approach to scattering that is much more
technical but also much more flexible and powerful than, say, trace-class methods. One of its
many advantages is an explicit version of a weak Huygens principle, the so-called minimal velocity
estimate. In our case, we have the following result that is due to Daudé (|19] Proposition 4.1)
and is valid for long-range potentials and in particular applies in the short-range case.

Proposition 2.1. For any § €]0,1] and any x € C°(R) such that x = 0 in a neighbourhood of
0, we have for all ¢ € H

+oo
[
Note that the integral in time of the squared norm is an integral on the whole spacetime of a
||

quadratic form in . The cut-off function 1(g 4 (—) simply restricts the integral to the interior

2
dt
= — < C|9l1% .
; LS oll%

1o 41 (’x|> X(H)e "¢

t

of the narrow cone {@ < 6} and the operator x(H) is a localisation in energy. The constant C'

depends only on x and on ¢. Since the function 1/¢, that is the measure density in the integral, is
not integrable near infinity, the above estimate says in a weak sense that the integrand (without
the density) tends to zero as t — +oo. In fact one can prove a stronger convergence, namely

|z]

t——+oo 7

s— lim 1p;_g < > x(H)e H =0
which is also proven by Daudé in the same paper (and in the same proposition). So although
we do not have the strong Huygens principle, we see that at least locally in energy, the solution

asymptotically vanishes within any narrow cone {@ < 5}. This is enough to establish the
existence of inverse wave operators using Cook’s method on smooth and compactly supported
data.

The proof of the above proposition is quite technically involved. However, in order to get
an idea of the method, we can consider the simple case of a 1 4+ 1-dimensional version of the

Weyl equation with a short-range potential, for which it is possible to obtain a minimal velocity



estimate using similar arguments, with neither energy cut-offs nor conjugate operator (in this
case, a natural conjugate operator would be A = vz). The equation is

Op+iHd =0, H=—indy + V1o (2.22)

where

v = <(1, _01) 1= (é (1)> V(@) = 0(lal ), a > 0.

We consider a function f € C§°(R) such that, for 0 < e < 1 given, suppf C [-1+¢,1 —¢], and
we define the function F' by

Ft) = / (f(s))%ds

Next, we introduce the observable

O(t) :=F (’yaj) .

t

Then d
a (eitH(I)(t)e—itH) — 6itHD(I)(t)6—itH

where D®(t) is the Heisenberg derivative of ®:

4o
Do(t) = - +i[H, 9]

This can be expressed explicitly as follows

do do
D(I)(t) = E‘F’Y@

1 T\ o/ T
= 309 07)
1 T x
- 190
( ( 1) 0
Given the support of f, it follows that as a quadratic form,

D> 51 (%),

Using this inequality, we obtain for 7" > 0

[lrGDemel§ = [ (g eme. )

é /1 ' (Do(t)e ™, e ") dt

IN

10



and

T , da [t . ;
/ (e DO(t)e Mg, ¢)ydt = — / ("M d(t)e Mg, ¢)dt
1 dt Jy
— (<€iTH@(T)€_iTH¢, ¢> _ <ein)(1)e—iH¢’ ¢>) )
It follows that . - )
, t
[ e (3) o 5 < 200leeie conllel® (223)

with
1] poe v )y = 1F ]Iz = || £Il7-

Taking the limit of (2.23) as T — +o0 and using the fact that the bound depends only on the
L? norm of f and the localisation of its support, we obtain a minimal velocity estimate : for any
e €]0,1[ there exists C > 0 such that for all ¢ € H,

[ tssena () o] S < ctor (224

2.2 The two-space scattering

In the previous paragraphs, we were working with two Hamiltonians that were self-adjoint on
the same Hilbert space. This is far from being a general situation. Usually, the two Hamiltonians
that we try to compare are self-adjoint on different Hilbert spaces and there may not even be a
natural embedding of one space into the other. In this case, we need an identification operator
that is a bounded operator from one space into the other that ideally realises an “approximate
embedding”, by which me mean that at least for a large class of functions in the first space,
the identification operator should transform them into elements of the second space with as
little modification as possible, which, as we shall see on an example below, can still mean non
trivial changes. We first formulate the general principles of two-Hilbert-space scattering, again
this can be found in more details in many books (see for instance [57] Volumes 1 and 3), then
describe explicitly the example of massless scalar fields on the Schwarzschild spacetime. We
observe in particular that there may be several natural choices of comparison dynamics for a
given equation and explore the consequences of these choices concerning the description of the
asymptotic behaviour.

2.2.1 General principles

Let us consider two separable Hilbert spaces H and Ho and two (usually unbounded) op-
erators H and Hy that are self-adjoint respectively on H and Hg. Let J € L(Ho; H) be an
identification operator. We consider the same equations (2.5) and (2.6) as before and the asso-
ciated propagators e~*Ho and e ®H that are now strongly continuous one parameter groups of

11



unitary operators on Hy and H respectively. We aim to define direct and inverse wave operators
as follows

Wt o= s— tlg:noo et gemitho (2.25)
Wt = s— t_lgnoo eltHo *o=ith (2.26)

where the adjoint of J is defined by

(Tb 0y = (b, T* Py » Vo € Ho, v €H.

The interpretation of the asymptotic behaviour of solutions to the full equation will then depend
of the nature of J. We shall now consider an explicit example for which these abstract notions
will become more concrete.

2.2.2 The wave equation on the Schwarzschild metric

The Schwarzschild metric in Schwarzschild coordinates (¢, r,w) is expressed as

g=F(r)dt* — dr? —r2dw?, F(r)=1-"—, (2.27)

F(r) r

where dw? is the Euclidean metric on the round 2-sphere. We work outside the black hole in the
region {r > 2M}. The d’Alembertian operator associated with g has the form

19> 10 5,0 1
s=For 2o Tor ol (2.28)

Introducing the Regge-Wheeler tortoise coordinate

T« =1+ 2M log(r — 2M), (2.29)
which satisfies
dr, B l
dr F’

modifies the expression of the d’Alembertian into

1 /9> 9> 2F 9 1
< - - ) — —Ag2. (2.30)
The first order term remaining in the d’Alembertian is not very pleasant in the sense that it has
a slow fall-off at spacelike infinity, it is a long-range term as opposed to the short-range potential
that we dealt with for the Weyl equation. However, a simple rescaling by r replaces it with a
short range potential. Indeed, we have

1 1(62 0?2 FF’) 1

O =wlee — ot )l (2:31)

12



where the left-hand side is to be understood as the composition of three operators, not as r times
the d’Alembertian of 1/r. Hence the wave equation outside a Schwarzschild black hole can be
expressed on the unknown

¢ =r¢ (2.32)

as follows

92 H2 _A F’ N

which is notably simpler than the equation satisfied by the unrescaled field ¢.

Remark 2.2. This rescaling appears here as an innocent trick that allows to get rid of an
annoying first order term in the equation, however the same rescaling will appear in the conformal
scattering construction for the wave equation on the Schwarzschild metric as a consequence of
the conformal compactification of the geometry. As we shall see shortly, this allows to compare
the full equation with the wave equation on Minkowski spacetime in a simple manner and also
to introduce an even simpler comparison dynamics that would not be accessible if the first order
term remained.

The Hamiltonian for Equation (2.33) is

H=i ’ ! (2.34)
T\ RS2 By o) '

There are two asymptotic regions, the horizon (r, — —oo) and infinity (r. — +00), and we
need to introduce a comparison dynamics for each. At the horizon, the function F' falls-off
exponentially fast in .. As a consequence a natural comparison dynamics in this region is given

by
(0 1
ng@(az* 0). (2.35)

At infinity, two approaches can be adopted. The first one consists in considering that the
region is asymptotically flat and it is therefore natural to chose the Hamiltonian for the wave
equation on Minkowski spacetime as a comparison dynamics. There is however a freedom in the
manner in which we choose to glue Minkowski spacetime onto the Schwarzschild geometry in the
neighbourhood of infinity; this can be expressed in a simple manner as a choice of coordinates
on Minkowski spacetime in terms of the coordinates on Schwarzschild’s spacetime. We choose to
use the coordinates (¢, 7, w) as spherical coordinates in flat spacetime. We obtain the following
comparison dynamics

0 1
Hl =1 (83* + ASQ 0) . (236)

G

Using the spherical symmetry, this can be understood as a short range perturbation of 83*. This
is done by decomposing the field on the basis of spherical harmonics. For each given angular
dependence the perturbation reduces to a short-range scalar potential. The eigenvalue [(I + 1)
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of the spherical Laplacian appears as a factor in the potential, as a reminder of the fact that
Ag2 is not a bounded operator. The unitarity of the propagators allows to recombine the full
solution and to infer the existence of the strong limit. Note that using r instead of r,, however
natural it may seem, would lead to an artificially long range perturbation that would make the
scattering theory much more complicated and less meaningful. Another approach is to say that

since the perturbation F'( TQSQ + FTI) is short-range at infinity, we can choose Hy defined above
in (2.35) as the comparison dynamics at infinity. Both the choices (2.35) and (2.36) are valid and
they provide two different and in a sense inequivalent descriptions of the asymptotic behaviour
of massless scalar fields on Minkowski spacetime. This is because the two Hamiltonians Hy and
H are self-adjoint on two different Hilbert spaces, namely

Ho = HY(R;L*(5?)) x L*(R x §?), (2.37)
H, = HYR®) x L}(R?), (2.38)

that are the completion of C§°(R x S?)? (resp. C§°(R?)?) in the respective norms

G = [ (0 Fre) + latre,) ) ducs (2.39)

G = [ (0P + Vsl + g ) ) dradio. (240

The corresponding wave operators take into account the existence of the two asymptotic regions
and can be defined as follows for 7 = 0,1 depending on the comparison dynamics chosen at
infinity

— —
+ . . it H — it H : it H —itH;
s (S_tlg:nooel Joe Z "y s _tlgl:nooel %6 l J) 7 (2.41)
~ . — * . . — * .
W :=s— lim g e 15— lim ™ig; 7" (2.42)
t—+oo t—+oo

where the identification operators Jy € L(H;Ho) and J1 € L(H;H1) are defined using cut-off
functions

§€C8°(R), ;(J;)Elforarg

-R, ;(a:)EOfoerR,
— — —
XeECFR), X (z)=1forz >R, X

(2)=0forxz<e¢

and the operators

~Ag '\
= —9?2 + F S —
H < ar*+ ( 7“2 + 7") )
AQ 1/2
2 S
" ( o > |
o = (=02)"%,



— — —
Jo = w' Xpo® Xx= (" ®1) X (no®1), (2.43)

-
X
- a7 — 1 —
Jj = X yex= (el el) X (hel). (2.44)

The proof of the existence and completeness of the wave operators for the comparison dynamics
H; at infinity has been established by Dimock in [21]. The proof with the choice Hy is not
explicitly present in the literature in the exact form given here but an equivalent result is proven
by the author in [53].

The idea of the construction by Dimock is very clearly explained in his paper. On would
naturally like to use mere cut-off functions as identification operators, but they are not bounded
operators between the various energy spaces. I-E)wever they are bounded at the level of the

corresponding L? spaces. So one composes X or X with the operators or their inverses

pel € L(H;L*(Rx S dr.d’w)?) ,
po®1 € L (Ho; L*(R x S%, dr.d*w)?) ,
p®l € L(Hy LR dr.d*w)?) ,

that are isometries. The existence of the wave operators then translates into the comparison
between solutions to evolution equations associated to H and Hg or Hj seen through these

e
isometries. Considering ® € Hg for instance and putting ¥ := s — limy_, o et Joe=tHo D we
have

0 — t_lgnoo ¢t (1l @ 1) §(M0®1)67itHo(I>_\I}HH
_ tljfrnoo (v ®1) X (1o ® 1) e~ itH0gp — e—itH\I/HH
= lim ||(pe1) () @1) X (o ® 1) e 00 — (u 1) e‘“H\If‘ L )
- tlg-noo X (o ®1) ™00 — (n® 1) e_ithJ‘ L2(R3;dr,.d2w)

3 Another spectral analytic approach to scattering: the Lax-
Phillips theory

The Lax-Phillips theory [40] is a spectral analytic scattering theory for the wave equation
with an obstacle on Minkowski spacetime. We present it here in the trivial case where there is no
obstacle. What we are interested in is the construction of the so-called “translation representer”
that is the scattering data for the free wave equation. The main idea is inspired by a spectral
construction for finite dimensional differential systems. We explain the finite dimensional case
first, then move on to the wave equation on Minkowski spacetime.
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3.1 Finite dimensional case

Consider the equation for a time-dependent vector in C™ :
oV (t) =iAV(t)

where A is an n X n hermitian matrix A. For the sake of simplicity, we assume that A has n
distinct eigenvalues oy, ..., o,,. Let {e1, ..., ey} be an orthonormal basis of eigenvectors of A.
A vector V € R™ can be described as the function V from R to itself that is zero everywhere
except for

f/(ai) =(V,e), i=1,2,...,n.

The vector AV is then simply represented as the function aV(o), i.e. the action of A is rep-
resented as the multiplication by the spectral parameter o. Similarly, the unitary group e is
described as the multiplication by €. This is a spectral representation of the matrix A and its
associated unitary group.

A Fourier transform in o then gives naturally a translation representation of the group :

Fo(etAV) (1) = Fo(e® V(1) = V(r —1).

Remark 3.1. Of course for it all to make sense, the Fourier transform must be understood on

L?(R; du) where p is the sum of Dirac measures on the 0'3-3,

3.2 The wave equation

Now consider the wave equation on Minkowski spacetime :
02— Ap=0. (3.1)

As a Schrodinger-type equation, this takes the form

- A (01
8tU—zAU,U.—<8t¢>,A_—z<A 0).

The operator A is self-adjoint on H = H*(R3) x L?(R?), completion of C3°(R?) x C§°(R?) in the

norm
U2 ;_/ (IVur|? + |ug)d3z, U = ( “ ) .
R3 U2

In order to mimic the construction in the finite dimensional case, we look for the eigenvalues of
A, ie. for 0 € R such that AU = oU. This equation is equivalent to

Uy = 10U,
{ Auj ' ) (3.2)

= touy = —o°uq .
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This has no finite energy solution, however there are obvious solutions

—i0T.w
e

eow(T) = ( i mioz ) , we S (3.3)

This means that H has no eigenvalues. In fact, its spectrum is purely absolutely continuous and
for each spectral value o € R, we have generalised eigenfunctions given by (3.3). So instead of
a finite orthonormal basis of eigenvectors, we have a continuous family of generalised eigenfunc-
tions. We now proceed exactly as in the finite dimensional case : consider U € C5°(R3) x C§°(R?),
we project it on a given generalised eigenfunction, in spite of the apparently obvious obstacle
that ey, is not an element of H:

~ 1
U(o,w) := (277)3/2 (U, eow)n
1
= 277)3/2 \ (Vu Ve 0w + yoice™ wmw)d:g:c
R
1 3
= 271-)3/2 /Rd —Ae— 0. w) —i-UQZUe 1ox. w)d €T
— 1 / o’uy — iauQ)ei”'wd%
©21)372 Jgs
= 02u1( w) — iolg(—ow).

It turns out that, although the intermediate calculations do not, the final formula extends to H
and the map that to U associates U extends as an isometry from H onto L?(R, x S?).
This provides a spectral representation of A and its propagator :

AU = oU, eltAU = eo[7 |
Just as in the finite dimensional case, we take the Fourier transform in o. Denoting
RU(s,w) := Fo(U(.,w))(s), (3.4)

we have

R(eMU)(s,w) = (RU)(s — t,w). (3.5)

The representation (3.4) is of course also an isometry from H onto L?(R x S?) and it provides,
as shown by (3.5), a translation representation of the propagator for (3.1).

The translation representation R can be expressed using the Radon transform of R3. Recall
that the Radon transform is defined for a smooth compactly supported function f on R? by

Rftsw)= [ faidola).
T.W=S
It has an inverse transform valid for smooth functions on R x S2

R*yY(x) = . Y(z.w,w)diw.
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It is easily seen that

1
RU = E(—@?Rul + 05 Rus) .

Using the inverse Radon transform, one can construct a converse map to R given by

1
Tk = %(R*k, —R*0k) .
Lax and Phillips then use this converse map to establish the asymptotic profile property which is
the geometric reinterpretation of the translation representer as the radiation field of the solution.
More precisely, denoting k(s,w) = RU(s,w), we have

k(s,w)=— rEI-Poo rop(r, (r + s)w) . (3.6)

4 Conformal scattering theory

4.1 Main principle and general structure of the construction

The fundamental idea of conformal scattering is that a complete scattering construction is
equivalent to solving the Goursat problem at the conformal boundary. A simple and rigorous
way of doing this was proposed by Hérmander in 1990 [37| for first order perturbations of the
wave equation on spatially compact globally hyperbolic spacetimes. Given the finite propagation
speed and the fact that first order symmetric hyperbolic systems also satisfy a perturbed second
order wave equation, the results of [37] are valid for a large class of linear equations on fairly
general globally hyperbolic spacetimes. Based on Hérmander’s method, the conformal scattering
construction proposed by Mason and the author in 2004 [42] is done in three steps.

Consider a globally hyperbolic spacetime (M, g) and its conformal compactification (M, J)s
g = Q%g. We study a linear conformally invariant field equation on (M, g). Using its conformal
invariance, we transpose it on (M, g) and perform the whole construction on the compactified
spacetime. The important geometrical objects at this point are

e a Cauchy hypersurface 3¢ for (M, g),

e the future and past components of the conformal boundary that we shall here simply denote
by .#* but which may contain also horizons when working outside a black hole.

Step 1. We construct so-called “trace operators” T+ that map smooth and compactly supported
initial data on 2o (¢g € C3°(Xo)) to the restrictions ¢ at .#* of the solution ¢ to the
Cauchy problem for our equation. The quantities ngSi have been intensively studied in the
literature, particularly by Friedlander [25, 26, 27] and are usually referred to as radiation
fields. They represent the leading order of the asymptotic behaviour of the field along
outgoing null geodesics. The existence of such restrictions or traces is ensured by the
global hyperbolicity of the spacetime (M, g), the hyperbolicity of the equation and general
results for hyperbolic equations due to Leray [41]. There are technical details at this
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point associated with the fact that the conformal boundary is usually not closed and
admits singularities. Using the finite propagation speed for the equation, we can excise
the singularities and extend our mutilated compactified spacetime to a globally hyperbolic
spacetime without singularities, on which Leray’s results can be applied.

Step 2. We define natural Hilbert spaces  on ¥y and H* on #* and extend the trace oper-
ators T* as bounded operators from H to H*. This is done by means of energy estimates.
They are performed for solutions associated with smooth and compactly supported initial
data. The basic energy fluxes on ¥ and #* define non-negative quadratic forms with re-
spect to which we complete C5°(3) to obtain our Hilbert spaces. We then obtain estimates
both ways between the norms on ¥y and .#+

16= I3+ < Clidoll (4.1)
I60ll3 < CllO" I3 (4.2)

that are uniform on the considered family of solutions. These allow to extend uniquely
our trace operators by density, we still denote them by T*. Moreover, because of the two
converse estimates, the operators T* are one-to-one and with closed range.

Step 3. We prove that T* are isometries from H onto H*. All that is left to prove at this
stage is the surjectivity of T*. Since we already know that their range is closed, we
merely need to establish that Ran(T+) is dense in #*. For this, we consider data ¢+ in
a dense subspace of HE, typically, smooth and compactly supported funtions. For such
data, following Hormander, we construct a solution to the Goursat problem as a limit to
solutions of the Cauchy problem for a modified equation with slowed down propagation
(for which .#* are now spacelike hypersurfaces).

The property that the operators T+ exist and are isometries between Hilbert spaces H on ¢ and
H* on I+ is a precise statement of the well-posedness of the Goursat problem at .#* with an
explicit functional framework and therefore provides a complete scattering theory. The Cauchy
hypersurface ¥y can be considered as an intermediate technical tool that can then be dropped
when considering the scattering operator

S:=T*+(T")™". (4.3)

This construction has the advantage of being insensitive to time dependence in general. However,
when a singularity is present at timelike or even spacelike infinity, a complicated time dependence
may make the proof much trickier.

We now give additional details about the construction on an explicit example.

4.2 The wave equation on the Schwarzschild spacetime

This case is the object of a paper by the author [53| to which we refer the reader for more
detailed explanations. We work on the exterior (r > 2M) of Schwarzschild’s spacetime (2.27)
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and we consider the wave equation

Oy = 0. (4.4)

This is also the conformal wave equation since the Schwarzschild metric is Ricci flat. We then
perform the following conformal compactification

1
§:=0%, Q:R::;, Scal; = 12MR. (4.5)

We express the metric ¢ in three different coordinate systems: the Schwarzschild coordinates
with the Regge-Wheeler radial variable (¢, r,,w), the outgoing Eddington-Finkelstein coordinates
with inverted radial variable (u = ¢t — r,, R = 1/r,w) and the incoming Eddington-Finkelstein
coordinates with inverted radial variable (v =t + 7y, R,w):

r—2M

g = o (At —dr?) — dw?, (4.6)
.

= R?(1 - 2MR)du® — 2dudR — dw?, (4.7)

= R?’(1 - 2MR)dv? + 2dvdR — dw?. (4.8)

The compactified Schwarzschild exterior acquires future and past null infinities
IT 2R, x{R=0} xS5%, = ~R, x {R=0} x S?, (4.9)

as boundary. With our choice of conformal factor €2, spacelike infinity and timelike infinities
remain at infinity and are not part of the boundary. They could be brought back to finite
distance with a different choice of conformal factor, but they are conformal singularities and the
rescaled metric would in any case not be regular there. The complete boundary is therefore made
up of .#* and of the future and past horizons J#* as well as their crossover S, (see Figure 1
for a Penrose diagram of the Schwarzschild exterior). An interesting feature of the conformal
rescaling we have chosen is that the vector field 9; remains Killing for §g. Moreover, it is timelike
and future oriented in the bulk of the compactified spacetime and extends to the boundary as a
null vector field (as can be seen easily from (4.7)-(4.8) using the fact that in coordinates (u, R, w),
O is 0, and in coordinates (v, R,w), it is given by 0,) that only vanishes at S;.
The conformal wave equation on the compactified spacetime is

Oy +2MRp = 0. (4.10)

The energy estimates described in step 2 in Subsection 4.1 are obtained by choosing first a stress-
energy tensor for Equation (4.10). The usual stress-energy tensor for the wave equation is not
conformally invariant and therefore does not yield a conserved stress-energy tensor for (4.10).
It is easy in our case to choose simply the stress-energy tensor for the wave equation on the
compactified spacetime

L 1 e oo
Top := va¢vb¢ - §<v¢7 v¢>§gab .
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Figure 1: Penrose diagram of the exterior of a Schwarzschild black hole with the level hypersur-
faces of t and r represented by dotted lines.

This is symmetric but not conserved since
VT, = (DQQAS) Vo = —2M ROV when ¢ satisfies (4.10).

We also need to choose an observer, i.e. a timelike vector field, with which to contract the stress-
energy tensor in order to obtain an energy current. A natural choice on the rescaled spacetime
is 9, =: K. The corresponding energy current

Jo = KTy, (4.11)

is not conserved either, o o
Ve, = —2MR¢pd: ¢, (4.12)

however the right-hand side of (4.12) is an exact divergence
V := MR$*0,, 2MRpdd = V, V.
As a consequence, the modified energy current

Jt = Je4 Ve (4.13)
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is conserved. The associated energy flux across an oriented hypersurface is defined in terms of
the Hodge dual of the 1-form J,. We adopt the conventions of Penrose and Rindler [56] whereby
for a 1-form «,

(*a)abc = eabcdad )

where egpcq is the volume form for g, which we also denote dVol;. Given an oriented hypersurface
S, the flux of J* through S is then given by

(‘:’S = —4/ *jadxa = / jaﬁa ZJdVOlg, (4'14)
S S

where [ is a vector field transverse to S and compatible with the orientation of the hypersurface,
and 7 is the normal vector field to S such that §(I,n) = 1. The energy fluxes across the Cauchy
hypersurface ¥ := {t =0}, #* and S are given by

Eso(d) = % / ((6t¢3)2+(8r*<2>)2+RQFW52¢312+2MFR3¢32)dr*d%,
2o
Enc(@®) = | @) dute.

Eg+(P) = /l]+(au(¢3’y+))2dud2w.

Note that these are really all integrals on R x 52 but for the sake of clarity, we have preferred
to indicate the geometrical localisation of the integration. We define the corresponding energy
spaces on Yo and on the future boundary s#+ U .+ as follows:

e H is the completion of C3°(%0)? in the norm defined by Es,;

e 7" is the completion of C5° (") x C§°(.# ) in the norm
11 )5 = Eee (F1) + Er+(fa) -

We have a similar construction of an energy space H~ at the past boundary 57~ U ..
Since the current J is conserved, we obtain the following energy identities for finite energy
solutions

Exo(@) = Exr (9) + E44(9) = Ep- () +E5-(9) (4.15)

which, at the end of the three-step construction, will entail the following theorem

Theorem 4.1. The trace operators TT that to smooth compactly supported initial data (qgo, ¢21)
for Equation (4.10) associate the restrictions (gngfi, ¢3|ﬂi) of the rescaled solution at ATUIT,

extend as isometries from H onto HE.
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There are two difficulties in the proof of (4.15) that are related to the conformal singularities
at i° and 5% and that prevent us from applying directly the divergence Theorem. Such difficulties
are not present when working on Minkowski spacetime for which the conformal boundary has no
singularity; the singularity at i¥ appears as soon as we work with a spacetime containing energy
and the one at i* is caused by the presence of the event horizon (future and past). We explain in
the next subsections how to deal with them in the case of the wave equation. The constructions
are described towards the future, the exact same thing can be done towards the past.

4.3 Strategy for a singular spacelike infinity

In a compactified spacetime where the only singularity is at spacelike infinity, the finite
propagation speed is enough to dealt with the difficulty. The idea is to work with a dense
family of initial data that have compact support, typically smooth and compactly supported.
For such data, the finite propagation speed will entail that the support of the solution remains
away from spacelike infinity (see Figure 2). This means that we can use the divergence Theorem

Support of solution

Support of initial data

Figure 2: Avoiding the singularity at 9

to obtain energy estimates both ways between a Cauchy hypersurface and the future boundary
#*. Moreover, provided we have some adequate approximate symmetry near i° yielding an
approximate conservation law, the constants in the estimates will be independent of the size
of the support of the data; in [42], this is taken care of by assuming that the spacetime is
diffeomorphic to the Schwarzschild metric in a neighbourhood of i°. Then, by density of the
family of smooth compactly supported functions in the energy space, the inequalities will be
valid for all finite energy data, whether their support is compact or not. When timelike infinities
are also singular, as is the case for the Schwarzschild metric, the strategy is still valid but must
be used in combination with the method described in Subsection 4.4.
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When solving the Goursat problem for smooth compactly supported scattering data on .#*
in step 3 in Subsection 4.1, the difficulty occurs again but this time, the support of the solution
has no reason to remain away from i%. One can still use the finite propagation speed but the
method is a little more subtle in this case. We consider a spacelike hypersurface S that lies in
the past of the support of the data on the future boundary, which may be made of #* and J#T,
see Figure 3. The solution to the Goursat problem can be obtained from Hérmander’s theorems

Figure 3: The choice of hypersurface S in the backwards Goursat problem.

[37] in the future of S and the restriction ¢|g of the solution ¢ to S has finite energy. Moreover,
¢A5|S vanishes at the intersection of S and the boundary. This implies, just like smooth compactly
supported functions are dense in H& of an bounded open set of R™, that qg\s can be approached in
energy norm by smooth compactly supported functions on S, where compactly supported means
that they are supported away from the boundary. The same is true for the restriction of the time
derivative of qAS to S as it lies in L? in which smooth compactly supported functions are dense.
We can therefore approach the full data on .S by a sequence of smooth compactly supported data
for which we can solve the Cauchy problem towards the past between S and Y. The solutions
remain supported away from ig and we obtain energy estimates both ways between .S and > for
them, with constants independent of the element of the sequence considered. Taking the limit
shows that the restriction of <Z> to Yo has finite energy. In this construction, the hypersurface S
plays the role of an intermediate technical tool for a given set of data.

4.4 Dealing with timelike infinities

When timelike infinities are singular, unless we work in a spacetime for which the Huyghens
principle is valid, solutions associated with compactly supported initial data will not remain
supported away from i and finite propagation speed therefore cannot help us. In this case, we
start by working away from timelike infinity. We consider a family of spacelike hypersurfaces
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{Sr}r>1, that are transverse to the future boundary and accumulate on it as T — 400. We
denote by ;" and .Z; the parts of 7" and £ located in the past of St (see Figure 4).
Using the strategy explained in the previous subsection for dealing with the singularity at g,

L+

AN =

Figure 4: Dealing with a singular i+

we can obtain energy estimates both ways between Yy and the union %@F UsSru f;f . In the
Schwarzschild case with the current J, these estimates will be identities since the current is
conserved. Then we need to prove that when T — 400 the energy on St tends to 0. This is
a global decay result on the physical spacetime in the future of a family of hyperboloids that
are pushed further and further into the future. For the wave equation on the Schwarzschild
metric, such results have been obtained by Dafermos and Rodnianski [17]. On the exterior of
a Reissner-Nordstrom-de Sitter black hole for the Maxwell field, Mokdad established the decay
estimates near 4% [48] and used them to infer the conformal scattering construction [47].

4.5 Freedom of choice of observer

For the wave equation on the Schwarzschild spacetime, we have chosen the observer associated
to the timelike Killing vector field ;. Since it becomes null at the boundary, the norms on the
energy spaces for scattering data give a fairly weak control, namely H'(R; L%(S?)). We could
choose an observer that is transverse to the boundary, this would give us a full H' control on
the scattering data with some weights at timelike infinities and spacelike infinity depending on
the behaviour of the vector field there. On Minkowski spacetime, the two types of choices can
be made and two inequivalent scattering theories are obtained. First, one can work on the fully
compactified spacetime that is embedded in the Einstein cylinder, using the conformal factor

o 2
I+ + 2SI+ (=1
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Then the conformal wave equation on the Einstein cylinder is the Klein-Gordon equation with
mass 1 which has a conserved stress-energy tensor. Choosing the observer associated to the time
translation along the Einstein cylinder gives a conserved energy current whose flux across %
and {t = 0} provides a full H' control on both hypersurfaces. The control at the boundary
is even stronger than H' because of the choice of stress-energy tensor, which is natural here
since the scalar curvature does not vanish at #. Alternatively, we can compactify Minkowski
spacetime using the conformal factor 2 = 1/r and choose the observer d;. Then the compactified
spacetime is Ricci flat and the conformal wave equation is the usual wave equation which also has
a conserved stress-energy tensor. The conserved energy current we obtain gives an H* (R; L?(S?))
control on the boundary.

On Schwarzschild’s spacetime, no conformal scattering theory has been constructed using an
observer transverse to the boundary. However, the Morawetz vector field is such an observer and
it has been used by L. Mason and the author in [43, 44| to study the peeling for various zero
rest-mass field equations. It would be interesting to see whether the decay estimates of Dafermos
and Rodnianski are enough to establish a complete scattering theory for the wave equation using
the Morawetz vector field as an observer.

5 Transversal constructions

In spite of the fundamentally different approaches, there are many analogous structures that
appear between the spectral analytic time dependent and conformal scattering constructions.
First of all the wave operators and the trace operators seem to play similar roles, the trace
operators corresponding to the inverse wave operators rather than the direct ones. Note that
they also seem to enjoy analogous properties inherited from the symmetries of the background.
For instance for the wave equation on the Schwarzschild metric, both are isometries between
well-chosen Hilbert spaces. Also, there are freedoms of choices for both approaches that are of a
different nature but entail in the complete theory remarkably close changes. For time-dependent
scattering, the freedom in the choice of comparison dynamics is translated in the function space
in which the scattering data live. For conformal scattering, it is the choice of observer that has
an effect on the energy space of scattering data. Moreover, we have exhibited natural choices
in both frameworks that entail exactly the same function spaces for the scattering data: for the
wave equation on the Schwarzschild metric, the choice of Hy for a comparison dynamics and the
choice of d; as an observer produce the same function spaces H'(R x L2(52)) @ H (R x L?(52))
for the scattering data, whereas the choice of H; and of an observer transverse to the boundary
change the function space at infinity into H (R x S?) with possibly different asymptotic weights
depending on the choice of behaviour of the observer near i® and i*. The two approaches seem to
differ the most in the way they consider their scattering data; in the spectral construction, they
live in a different space to the solutions and the link is made by sometimes obscure identification
operators, whereas in the conformal picture, the scattering data are geometrically localised at
the boundary of the spacetime and are the radiation fields. However, the function space of
scattering data can often be made sense of geometrically as an asymptotic simplification of the
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finite energy space for the complete equation. For the comparison dynamics Hy in the case of
the wave equation on the Schwarzschild metric, the geometric interpretation is very natural, the
propagator e~*Ho plays the role of the principal null geodesic flow, the scattering data at infinity
are exactly the restrictions at .# of the rescaled field, i.e. the radiation fields, and the inverse
wave operators are naturally identified to the direct trace operators, modulo an identification of
#%* with the congruence of outgoing/incoming principal null geodesics.

These analogous structures raise a natural question: can one use the ingredients of one ap-
proach to infer the final result in the other? This is what we call a transversal construction.
The theories themselves are of course not equivalent since their main ingredients, in order to be
available, impose some constraints on the type of background and field equation considered and
these constraints are different for each approach. For instance, the conformal method requires
to work on manifolds that can be conformally compactified with a sufficiently smooth boundary
and with field equations that are conformally invariant, or at least that change in a well con-
trolled manner under a conformal rescaling. For the time-dependent method, whether it is based
on spectral analysis or not, stationary frameworks are well adapted, but also time dependent
situations with a strong and uniform time decay, see for example the time-dependent scatter-
ing theory for Dirac fields in the interior of a Reissner-Nordstréom black-hole established by D.
Héfner, M. Mokdad and the author [35]. As for the Lax-Phillips theory, it has been constructed
on Minkowski spacetime and its extensions obtained using the conformal method by Friedlander
[28] and then J. Baez and its collaborators |7, 8, 9, 10, 11| are only in static situations. In spite
of these differences, we would argue that the question at the beginning of the paragraph is a
valid one, to which some partial answer has already been given. In a sense, conformal scattering
itself is a transversal construction. It was initially constructed by Friedlander [28] after years of
studying Penrose’s conformal method and radiation fields and also discovering in the Lax-Phillips
theory that the translation representer and the radiation field are the same thing. His purpose
was to reconstruct the whole Lax-Phillips theory using the conformal method to start from the
radiation field instead of recovering it in the end. Several other transversal constructions have
been obtained in the recent years.

1. Conformal scattering entails time-dependent scattering. This is a fairly gen-
eral result established in [42] for asymptotically simple spacetimes and in [53] for the
Schwarzschild metric. In the Schwarzschild case, we use the comparison dynamics Hy and
the fact that the different connected components of the conformal boundary can be iden-
tified with the congruences of outgoing or incoming radial null geodesics (these happen
to be the so-called principal null geodesics, that are generated by the double null eigen-
vectors of the Weyl tensor; for the Kerr metric, we have similar double null eigenvectors
and associated geodesics with a non trivial twist). The restrictions of the rescaled field
at the conformal boundary can then be understood as fields propagating in the spacetime
according to this comparison dynamics. We recover a time dependent scattering theory
that could also be constructed using spectral analysis. For asymptotically simple space-
times with smooth timelike infinities, the idea is to construct a comparison dynamics that
resembles Hy in the Schwarzschild case and can be understood as the flow of a congruence
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that can be used to define the conformal boundary. There is a lot of flexibility in this
construction and one recovers a time-dependent scattering — in the sense that we can
define wave operators that compare two different dynamics — that is not based on spectral
analytic methods. There are two natural possibilities to construct the congruences that
will support the comparison dynamics. The first method consists in constructing a null
congruence in the neighbourhood of the future boundary (resp. the past). We cannot
in general extend it to the whole spacetime since caustics will occur, but outside a large
world-tube that is compact in space in the physical spacetime, such a congruence can be
constructed (see the first image in Figure 5). It can then be extended as a global causal
congruence as shown in the second image in Figure 5. Alternatively, we can choose a global
timelike congruence (see the third image in Figure 5) defined for instance by the integral
lines of the gradient of a global time function. The two congruences shown in the second
and third images can both be used to define a comparison dynamics; the parameter along
the flow can for instance be defined by a global time function on the physical spacetime,
whose level hypersurfaces accumulate at the boundary.

Figure 5: A null congruence near the future boundary, its extension as a global causal congruence
and a global timelike congruence.

2. In stationary situations, conformal scattering entails the Lax-Phillips theory.
In such cases, we have a global timelike Killing vector field K in the bulk of the spacetime
that becomes null at the conformal boundary. Choosing a time function ¢ such that Kt =1,
we can consider the evolution by a time ¢ of the rescaled field as an active action on the
whole spacetime, including the field, of the flow ®x(—t) of K. The resulting effect on the
restriction at the conformal boundary of the rescaled field is a translation of time —¢ along
the integral lines of K that are the null generators of the boundary. Hence, the radiation
field is a translation representer, which is the fundamental object of the Lax-Phillips theory.

On the exterior of a Kerr black hole, that is only locally stationary, we have a Killing
vector (0; in Boyer-Lindquist coordinates) that is timelike near infinity but not near the
horizon. In this case, the future (resp. past) radiation field at infinity will behave like
a translation representer but it does not contain the whole information of the field. The
remaining information consists of the restriction of the field on the future (resp. past)
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horizon. There 9; is tangent to the horizon but spacelike because of the rotation. The
scattering data at the horizon, under the evolution of the field, will undergo a translation
of —t along the null generator of the horizon as well as a rotation at the rotation speed of
the horizon.

3. Time dependent scattering does not entail a conformal scattering theory in
general. This is because in general a time-dependent scattering is not geometrical, it relies
on equations on one or two Hilbert spaces and there may not be a natural background
spacetime let alone a conformal boundary. In some explicit situations, time-dependent
scattering has been shown to entail a conformal scattering theory. This was done on a case
by case basis by re-interpreting the direct wave operators as solving the Goursat problem at
the conformal boundary, for instance by A. Bachelot for Maxwell fields on the Schwarzschild
spacetime [1] and by D. Héafner and the author for Dirac fields outside a Kerr black hole
[36].

The third point is worth investigating further. When the geometrical ingredients (a spacetime and
its conformal compactification) are present, one may wonder whether a minimal velocity estimate
may be enough to entail a conformal scattering theory. It would be extremely interesting if such
estimates could provide alternatives to stronger uniform decay results that require a precise
understanding of the local geometry of null geodesics, in particular the trapping sets and their
nature. First steps must be done in well controlled situations with some explicit symmetries, but
this is a fascinating question and a possible opening of a wide research area.
Acknowledgments. The author would like to thank the Royal Society for financial support on
the occasion of the conference “At the interface of asymptotics, conformal methods and analysis
in general relativity”.
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