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Chapter 2

Basic material

Notations. Indices: abstract, concrete.
Einstein convention.

2.1 Elements of Lorentzian geometry

2.1.1 Minkowski spacetime

Minkowski space M is R* endowed with the Minkowski metric, whose expression in Cartesian
coordinates is given by (the speed of light being taken equal to 1)

n=dt? —dz? — dy? — d22. (2.1)

Another useful expression of the metric 7 is in terms of spherical coordinates. It is particu-
larly useful in order to perform an explicit conformal compactification. Is it a straightforward
calculation to show that

n=dt* —dr® — r’dw?, dw?® = d6* + sin® Odp?, (2.2)
where the spherical coordinates (r, 0, ) are related to (x,y, z) by
x=rsinfcosyp, y=rsinfsinp, z=rsinf.

The metric dw? defined in (2.2) is the euclidian metric on the 2-sphere.
The Minkowski metric acts on vectors at a point or vector fields on M as follows

_ 09 19 2 0 30 _ 09 0 20 50
V—Vat+Va$+Vay+Vaz,W W8t+W8:U+W3y+W0z’
77(‘/7 W) = nabvawb = VOWO — V1W1 _ V2W2 _ VBWS ’
n(V,V) = (V) = (V)2 = (V)" = (V3. (2.3

Remark 2.1. Note that the tangent space to M at a given point p is R* endowed with the
Minkowski metric, but as a vector space. Minkowski space has the structure of an affine space.
The tangent space at any given point will be referred to as Minkowski vector space. We shall see
in the next chapter that it is the model for the tangent space to any spacetime.

7



8 Basic material

We see that for each point p € M, (2.3) distinguishes three disjoint classes of tangent vectors.
Definition 2.1. Let p € M, a vector V' € T,M is said to be

o spacelike if n(V,V) < 0 (the projection of V' on the space directions is longer than its time
component),

o null if n(V, V') =0 (the time and space parts of the vector are of equal length),
o timelike if n(V, V') > 0 (the time part of the vector is longer than its space part),
o causal (or also non-spacelike) if n(V, V') > 0.

Remark 2.2. This gives us a local classification of curves (at least differentiable) as timelike,
spacelike or null according to the classification of their tangent vector at a point.

Remark 2.3. Let us consider on M the trajectory of a particle whose “experience” of time is
described by the variable t. This is a curve y(t) = (t,x(t),y(t), z(t)). Its tangent vector is

(0 = 55 +6l0) 5 + 905+ 205

and
n((1),7(8) = 1 — &(t)> — §(t)* — 2(t)*.

In the framework of classical mechanics, the vector

VO = i) + o) 5 + 205
is understood as describing the speed of the particle at time t. At a given time t, we know that
the particle goes faster than, slower than, or at the speed of light, depending whether |V (t)|> =
)2+ 9@)2 + 202 > 1, [V@#)2 < 1 or |V(t)]? = 1. However there is nothing unique about
the choice of time parameter t, it is relative to the observer. A change of time parameter t will
change the value of the time component of 7 and the length of the space part of the tangent vector
will then need to be compared to some quantity other than 1 (in fact the length of the time part)
to compare the speed of the particle with that of light. As a matter of fact, even the notion of
time and space part is not well defined, many other choices are possible corresponding to different
choices of coordinates.

In relativity, the notion that replaces that of speed vector is that of 4-velocity vector, it is y(t),
the tangent vector to the trajectory of the particle. This is still a non unique notion since its
“length” changes with a change of parameter of the curve. Its direction however is an intrinsic
notion. And this gives us an intrinsic way of comparing the speed of a particle with that of light : a
particle at a given point moves faster than, slower than, or at the speed of light depending whether
the tangent vector field to its trajectory at that point (measured for any choice of parameter that
is not singular at that point) is spacelike, timelike or null.

A massive particle will move along a timelike curve, a massless particle will move along a
null curve.
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Definition 2.2. Gien p € M, the set of null vectors in T,M is the cone

0 0 0 0
— _ 0 1 2 3 Y 02 12 22 3)2
(%_{V_VQ%+Vax+Vay+Vaf(v) (V)+OW«+W)}.

It is called the lightcone at p.

There are some useful orthogonality properties between vectors in the spacelike, timelike
and lightlike cases. They are worth writing and proving in details since the orthogonality for
an indefinite symmetric 2-form is less intuitive than for a positive definite one. First, let us
introduce some notations that will be used extensively in the following proofs. Let U € T,M, we
denote

U=U%,+U",

where U’ is the projection of U on the spatial directions, i.e.
U =U', +U%,+U?),.
We shall also denote |U’| the euclidian norm of U’
U = U+ 0P+ (0P
Let U,V € T,M, we denote by (U’, V') the euclidian inner product of U" and V"' :
UV =Uuv+ UV + UV,

Proposition 2.1 (Orthogonal to a timelike vector). Let T' be a timelike vector at a point p and
V € T,M such that n(T, V) =0, then V is spacelike or zero.

Proof. We assume that V' # 0. We know that T is timelike, i.e.
T° > |T"|.

Moreover,
n(T,V)=TV® —(T",V') = 0.

This implies in particular that V’ # (0,0, 0), otherwise the equality above would imply also that
Vo = 0 ad this would contradict V' # 0. In addition, it follows that

! !/ ! !/
@V _ v

VO =
VA= = T

< |V'].

This concludes the proof. ]

Remark 2.4. This means that the orthogonal in T,M to a timelike vector at p for the metric n
is a hyperplane in T,M containing only spacelike vectors.

A vector orthogonal to a spacelike vector is not necessarily timelike, a simple example is given
by the vectors 9, and 9,, but if we restrict ourselves to a plane spanned by a timelike and a
spacelike vector, then the result becomes true.
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Proposition 2.2. Consider at a point p in M a spacelike vector V' and a timelike vector T'. Let
W be a vector in the plane spanned by T and V and that is orthogonal to V, i.e. n(W,V) =0,
then W is timelike or zero.

Proof. The restriction of 1 to the plane spanned by T and V is a quadratic form whose

matrix in the basis {T,V'}
A:<n@$>Mﬂm)
(T, V) n(V,V)

is real symmetric and has negative determinant
det A = n(T, T)n(V, V) = n(T,V)?.

Hence A has one positive and one negative eigenvalue. In the basis {V', W} (assuming of course
W #0), the matrix of the quadratic form is diagonal since n(V, W) = 0. Since n(V,V) < 0 and
the determinant of the matrix must still be strictly negative, it follows that n(W, W) > 0, i.e.
W is timelike. O

When looking at the space of vectors orthogonal to a null vector field, the situation gets more
unusual.

Proposition 2.3. Let V' be a non-zero null vector at a point p in M. The subspace of T,M of
vectors orthogonal to V' contains V' ; except for the straight line generated by V, it is entirely
composed of spacelike vectors ; it is the hyperplane tangent to the light-cone containing V .

Proof. The fact that V is orthogonal to itself is trivial since V is assumed to be null. The
vector V' can be decomposed as follows

V=v%,+V.

We can find two linearly independent vectors U and W in the hyperplane spanned by 0., 9y, 0.
which are orthogonal to V' for the euclidian inner product on R3. Then U, V, W are three linearly
independent vectors orthogonal to V' and which consequently span the hyperplane orthogonal to
V. Moreover they are mutually orthogonal and since V' is null and U and W are spacelike, it
follows that any linear combination of the three is spacelike unless it is parallel to V. O

Definition 2.3. Let S be a C' hypersurface in M. We say that S is :

o spacelike if its normal vector at each point is a timelike vector, this means that its tangent
plane at each point is entirely composed of spacelike vectors ;

o null if its normal vector at each point is a null vector, this means that its tangent plane
at each point is composed of spacelike vectors and one null direction given by the normal
vector ;

e achronal or weakly spacelike if its normal vector at each point is a causal vector ;

o timelike if its normal vector at each point is a spacelike vector, this means that its tangent
plane at each point is generated by one timelike and two spacelike vectors ;



Elements of Lorentzian geometry 11

2.1.2 Spacetime, connection, curvature

Our framework will be a spacetime which we shall define as follows

Definition 2.4. A space-time is Lorentzian manifold of dimension 4 (a pair (M,g) where M
1s a 4-dimensional manifold and g is a Lorentzian metric on M, i.e. a symmetric 2-form on M
of signature + — ——) that is orientable.

Recall that a tensor bundle on M is a multiple tensor product of the tangent bundle T'"M
and the cotangent bundle 7* M. We will need to differentiate tensor fields (sections of tensor
bundles), for this we need a connection, we will use the Levi-Civita connection.

The Levi-Civita connection on Lorentzian manifold is defined exactly as in the Riemannian
case, in fact the definition and uniqueness of the Levi-Civita connection are independent of the
signature of the metric.

Definition 2.5. A connection V, is an extension of the differential to arbitrary tensor fields,
such that :

1. it is linear from any tensor bundle F of given valence to T*M Q F ;
2. it satisfies the Leibniz rule.
Theorem 2.1. There exists a unique connection V, such that :

1. it is torsion-free, meaning that [Vo, V] f = 0 for any scalar field f, where [V, V| is
the commutator of V4 and Vi, [Va, V] = VoV — ViV, ;

2. it commutes with the metric, i.e. Vagre =0 and Vo9 = 0.
It is called the Levi-Civita connection. In a local coordinate basis Oa, dx?, denoting
Va=Va,,
its action on vector fields, 1-forms and general tensor fields is given by :

dxb(VaV) = 6aVb + 1—‘acb‘/C )
(Vaw)(ﬁb) = 8awb — Fabcwc .

i, TP by, . byeiip,
VaK jije = OalC j1oda Laj " K b.j, — - — Laj, K ji..b

+ Fabile"'ipjlqu + ...+ FabipKil”'bjlqu . (24)

where the Christoffel symbols T3¢, are defined by

1
Lap® = §9°d (Oagba + ObYad — OdYab) (2.5)

and satisfy

C

Fap® = 1—‘(ab) :
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Remark 2.5. Note that (2.4) is a horrible abuse of notation, the left-hand side really denotes
the component of the intrinsic object VaKil'“inl_“jq but a rigourous notation would be too heavy
and it is usual to resort to this shortened (but always bear it in mind, wrong) notation.

Remark 2.6. It is important to note that the Christoffel symbols T'ap are not a tensor field : it
is very easy to see that they depend on the choice of local coordinates (see exercise 2.2). However,
the connection is an intrinsic object independent of the coordinate system.

Proposition 2.4. When the commutator of two covariant derivatives acts on tensor fields of
arbitrary valence, it involves another tensor field : the Riemann curvature tensor Rgpeq. More
precisely,

[va 3 Vb] K““.ijy..jq = RabC“Kcmlpjl...jq + ...+ RachpK“mcjl...jq
d it q dqrit...i
—Rapjy K" gy — oo — Rap, "K"™" "5 a- (2.6)

In a local coordinate basis, its expression in terms of the Christoffel symbols is given by
Rabe® = 0 (Facd> — 0Oa (Fbcd> + TheTae? = Tac®The? . (2.7)

Theorem 2.2. The Riemann tensor has the following symmetries :

1. Rapyea =0 ;

2. Rap(eay =0 ;

3. R[abc]d =0 ; it is the first Bianchi identity which, using Rp).q = 0, becomes

Rape” + Ryca” + Reap” = 0;
4- VigRyq® = 0 (second Bianchi identity).

Definition 2.6. We define some important curvature quantities that are special parts of the full
Riemann tensor :

e the Ricci tensor Ry is the trace of the Riemann tensor in its second and fourth indices
Rap = Rac” = 9 Racha ;
e the scalar curvature R is the trace of the Ricci tensor
R:= Ry" = " Ra}

and it is often denoted by Scaly ;

o the Einstein tensor Gy is defined as

1
Gap = Rap — §Rgab;
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o the Weyl tensor Cupeq 1S the trace-free part of the Riemann tensor
1

1
Cabed = Raped — 3 (aieRapp — gpjcRaja) + 3

Rga[cgd]b .

Proposition 2.5. We have the following properties of the Ricci and Finstein tensors :
1. Rap = Rap)y (which implies immediately Gap = G (qp))
2. ViGgp = 0.

The Einstein vacuum equations that characterize the geometry of an empty universe are
simply
Gy =0. (2.8)

In the case of a universe containing energy or matter, the Einstein equations will become
Gap = 87Ty

where Ty is a tensor (referred to as the stress-energy tensor) describing the distribution of matter
and energy in the universe.

Considered as an equation on the metric, Einstein’s equations are a system of non linear
second order partial differential equations. Taking the trace of Ggp, we obtain

1
Go" =R, ~ 5Rg." =R 2R =R,

whence (2.8) is equivalent to

Ray=0. (2.9)

Einstein vacuum spacetimes are also referred to as Ricci-flat spacetimes.
There is a modified version of the Einstein equation, due to Einstein himself in 1917, involving
a constant A called the “cosmological constant”. It has the following form

Gab + Ngap = 87Ty - (210)

Einstein introduced this modification because the original form of the theory did not allow for
a static universe (unless it is also flat), it had to be expanding or contracting. The cosmologi-
cal constant induces a repulsive force which Einstein adjusted so that it would counterbalance
gravitation exactly. His new version of the theory thus allows for a static universe : the Einstein
cylinder which we shall encounter again later. The reason for this is probably partly religious
but also a static universe was the commonly accepted picture at that time. This unfortunately
prevented him from discovering the expansion of the universe which Hubble proved in 1929. He
subsequently declared that this was his greatest mistake. It is interesting to notice that obser-
vations made from 1993 to 2005 show that the expansion of the universe is now faster than we
would expect. A well accepted explanation is that a repulsive force induced by a cosmological
constant is responsible for it : in the early stages of the universe, the expansion from the big
bang was slowed down by gravity, but as the universe expanded, the effects of gravity weakened
and this repulsive force (referred to as dark energy) accelerated the expansion. The universe
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would appear to have a small but strictly positive cosmological constant. It is regrettable that
Einstein never knew that his greatest mistake was just another brilliant idea.

Taking the trace of (2.10), we see that in the vacuum case, i.e. for T, = 0, the cosmological
constant is a multiple of the scalar curvature :

A=-R.

2.1.3 Causality

If (M, g) is a spacetime, then we can find in the neighbourhood of each point an orthonormal
basis. In such a basis, the metric g is described by the matrix

1 0 0 0
0 -1 0 0
0o 0 -1 0
0 0 0 -1

The tangent space at each point is therefore a copy of Minkowski vector space. This gives us
natural definitions of timelike, spacelike, null and causal vectors and a similar classification for
curves and hypersurfaces.

Definition 2.7. Let p € M, a vector V € T, M 1is said to be
o spacelike if g(V,V) <0,
o null if g(V,V) =0,
o timelike if g(V, V) > 0,
o causal (or also non-spacelike) if g(V,V') > 0.

The definitions of timelike, spacelike, etc... for curves and hypersurfaces follow exactly as
they do in Minkowski space.

Definition 2.8. A time orientation on a spacetime (M, g) is a globally defined nowhere vanishing
continuous timelike vector field on M. If a time orientation exists on (M, g), the spacetime is
said to be time orientable.

Definition 2.9. Let (M, g) be a time orientable spacetime and T® a time orientation. A causal
vector V at a point is then said to be future oriented (resp. past oriented) if gopVeT® > 0 (resp.
g VT <0).

Proposition 2.6. Let (M, g) be a time orientable spacetime on which we consider T® and 7%
two time orientations. Then one of the two following assertions is true :

(1) for any causal vector V at a given point, the signs of guVeT® and gV er? are the same ;
the orientations are then said to be the same ;
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1) for any causal vector V at a given point, the signs of gap and gupVOer? are opposite ;
Y [ vector V at a gi point, the sig GapVOT? and g Ver® Dposit
the orientations are then said to be opposite.

Proposition 2.7. Let (M,g) be a time orientable spacetime. A spacelike vector has no time
ortentation. More precisely, given V' a spacelike vector at a point p, there exist two choices T®
and T of time orientation on M such that gaV*T? > 0 and gV e < 0.

An important notion is that of the domain of influence of a set :

Definition 2.10. Let (M, g) be a time orientable spacetime on which a time orientation has
been chosen. We consider a set A in M. The future (resp. past) domain of influence of A in
(M, g) is the set of points of M that can be reached from a point of A along a future (resp. past)
oriented causal curve. These are often merely referred to as the future or the past of A. The
domain of influence of A is the union of its future and past domains of influence.

This is related to the concepts of Cauchy hypersurfaces and global hyperbolicity. Of all the
equivalent definitions that have been proposed for a globally hyperbolic spacetime, the first one
due to Leray, the clearest is certainly that which R.P. Geroch put forward in 1970 [10]. The
fundamental definition is that of a Cauchy hypersurface.

Definition 2.11 (Cauchy hypersurface). Let (M, g) be a time orientable spacetime. A Cauchy
hypersurface on (M, g) is a hypersurface ¥ satisfying :

1. X is spacelike ;

2. every inextendible timelike curve intersects ¥ at exactly one point (which entails in partic-
ular that the domain of influence of ¥ is M).

We see that this is an adequate surface on which to impose initial data for covariant equations
(a covariant equation on a Lorentzian space-time will necessarily be a generalization to the case of
a curved spacetime of covariant equations on Minkowski space, which are hyperbolic equations),
since they propagate the information at finite speed lower than or equal to the speed of light,
the condition that the domain of influence of ¥ should be the whole spacetime is exactly what
ensures that by specifying some data on X, we have enough information to propagate the solution
to the whole spacetime. Moreover, the second condition is here to guarantee that the information
propagated along causal geodesics does not come back to a point where the solution is already
determined, thus creating some possible incompatibility. A globally hyperbolic spacetime as
defined by Geroch is simply a spacetime that admits a Cauchy hypersurface.

Definition 2.12. A spacetime (M, g) is said to be globally hyperbolic if it admits a Cauchy
hypersurface.

So globally hyperbolic spacetimes are essentially the spacetimes for which the Cauchy problem
makes sense. The spacetimes in which it is hardest to make any sense at all of the Cauchy problem
are called totally vicious spacetimes, they are such that any point can be reached from any other
point in the spacetime along a future oriented timelike curve. An example of a totally vicious
part of a spacetime is the inner part of a rotating black hole.
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In fact, global hyperbolicity has stronger consequences : the existence of a smooth time
function t whose level hypersurfaces 3; are all Cauchy hypersurfaces and are diffeomorphic to
a fixed 3-surface X. For a long time, the only available proof of this result was due to Geroch
and his construction only guaranteed the existence of a continuous time function whose level
hypersurfaces were homeomorphic to a fixed hypersurface. The work of Bernal and Sanchez
[1, 2] proved that the time function can be chosen smooth when the metric is smooth. Their
result in fact gives a C¥ time function when the metric is C¥. We will assume that the metric and
the time function are C* for simplicity, we will not consider here situations in which the precise
regularity of the metric and the time function may be crucial.

2.1.4 Forms and conservation laws

Recall that the bundle of differential 1-forms on M is simply A'(M) = T*M and the bundle of
differential p-forms is the pt" exterior power of A'(M), i.e.

AP(M) = A M)A AL M) Ao AN M),

~
p times

it is the totally skew-symmetric part of

I"MITM® ... T*M.

p times

Definition 2.13 (Volume form). The volume-form on (M, g) is the 4-form e whose expression
in a coordinate basis is given by (the ordering of coordinates being chosen in agreement with the
orientation of M)

e = /]g|dz® A dzt A dz? A da. (2.11)

FEquivalently, it is defined as follows : consider an ortonormal basis B = {eg, e1,e2,e3}, for any
set of 4 vectors {U,V,W, Z}, denoting U°, U, U%, U3 the components of U in B, etc..., we have

vl vo o wo 20
vt vt wt 71
U2 V2 W2 22
us v w3 z3

CabeaUVOWEZe = det (2.12)

We shall often simply denote the volume form dVol, or dVoly to make the relation to the metric
explicit.

The volume form has the following useful properties :

Proposition 2.8. The volume form is covariantly constant, i.e.

Vieabeda = 0.
Moreover,
_ q S d _ q d __ q
Cabeae”"® = —24g1P 19765 eapeac? = —6gPglgll | eapeac™ = —4glPgll
bed bed d q
eabcdep = _6957 eabcdea = —24, eabc ecdpq = _4gz[ngb] .
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Proof. The proof of the covariant constancy follows easily from the expression of the volume
form in terms of the spinorial symplectic forms (see [23|, Vol. 1, p. 138, eq. (3.3.31)). The proof
of the other properties is merely a matter of counting permutations. O

We shall essentially use differential 1-forms and differential 3-forms (often simply referred to
as 1-forms and 3-forms) in the context of conservation laws (exact or approximate). Hence we
will often make use of the Hodge duality and of Stokes’ theorem.

Definition 2.14 (Hodge dual). Let w € T'(AP(M)), 0 < p < 4, the Hodge dual of w is the
(4 — p)-form defined by

1
W= —e .. JWw, (2.13)
pl =~

p times

where e is the volume-form on (M, g). More explicitely,

e for a 0-form f
(+f)abed = feaved ;

o for a l-form «

(*a)abc = eabcdad;

e for a 2-form (3
1

(*B)ab = §6abcd50d;
o for a 3-form vy
1
(*V)a = geabchde;
e for a 4-form €
1
(xe€) = ﬂeabcdeab“l.

The Hodge star is an isomorphism between p-forms and 4 — p-forms, as the following property,
which is a direct consequence of Proposition 2.8, shows :

Proposition 2.9. For a p-form «, we have
*(ka) = (—1)p+1a.
Proof. This is obvious for a 0-form, let us check the property for the other types of forms.
e p=1:

1 .
bed:
*(xa)g = G Cabed® “Pay
1 « 1 «
= ——eapea”™@a; = ——(—6g;

6 6
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1 »
cdi
*(*a)ab = ieabcde ]aij

1 1 ..
d
= §€abcd§6”6 Qij

1 o
= 1(—49319%)04@ since « is skew,

= —Ogp-

1,
dijk
*(*Q)qpe = Cabed g€ e

1 1 ..
kd
= —*6abcd§€” Qjk;

6
1 [i J k]
= _6(_69“%9‘3 )ik
= gégigf Qi) since a is skew,

= CQOgpc-
e p =4. In this case we have aupeq = feaped, hence

1 ..
ijkl
*(¥Q)gbed = eabcdﬂej ikl

1 .
ki
= ﬁeabcdew feijr

1

= ﬂ(_24)f€abcd = —Qlgbed -

This proves the proposition. O
The Hodge * operator has the following property, that entirely characterizes it :

Theorem 2.3. For any two p-forms a, 5, 1 <p <3,

4 —p)!

a/\*ﬁ:(—l)p( m (a, B)ge, (2.14)

where
<Oz, /8>g = aal...ap/Balmap .

Proof. We write the proof for each value of p.

e p = 1. Since the quantity aA*[ is a 4-form, it is necessarily a multiple of the volume form,
all we need to do is work out the proportionality factor. We proceed as follows : since

a N *f = ajq (¥8)ped) = feabed
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then
Qg (*5)bcd]eab6d = —24f.
We calculate

g (#B)peaie™™® = aq (+8)peae

i abcd
= aaebcdiﬁ €

= —epeac™a, B = 6gla.f = 6a;5" .

abed

Whence )
(a A *ﬁ)abcd = _Zaiﬁzeabcd .

e p =2. We proceed similarly :

Qlab (*ﬁ)cd}eab“l = Qgp (*ﬁ)cdeade

= Qgp— ﬁijeabcd

9 €cdij

1 ..
abed g
= ieijcde gy J

2( 4997 oran B
= —2g¢ g]aabﬂ” since « is skew,
= —2042‘]‘5 ' .

Whence

(Oé A */B)abcd - azj/B eabcd

12

Aape (5B) g™ = cgpe (%B)qe™
1

= Qgbcy

6

1 g

= —geijkdeade%bcﬁ”k
1

= —6(- 6)91[ gjgkaabcﬁ”’“

= gfgjg,‘;aabcﬁ”k since « is skew,

i
= BT,

ijk _abed
eaqijkB"e

Whence

(Oé A *ﬁ)abcd aljkﬁ €abed -

24

This concludes the proof. ]

If instead of taking the exterior product with another 1-form, we take the exterior derivative of
the Hodge dual of a 1-form, we recover a 4-form which is (—1/4) times the dual of the divergence
of the associated vector field :
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Proposition 2.10. Let a be a 1-form, we have

1 .
(d(*@))abcd = _Zviazeabcd .

Proof. The proof is analogous to that of the case p = 1 in the above theorem, with just an
additional ingredient : the covariant constancy of the volume form. We leave it as an exercise
(see exercise 2.4). O

We now turn to conservation laws, i.e. to Stokes’ theorem for the Hodge dual of a 1-form.
Recall Stokes’ theorem for a 3-form :

Theorem 2.4. Let Q a bounded open subset of M with piecewise C' boundary S. Let w €

T(A3(M)), C on Q, then
/w:/dw.
S Q

In the case where w is the Hodge dual of a 1-form « the above equality gives the Lorentzian
generalization of the divergence theorem.

Theorem 2.5 (The divergence theorem). Let Q a bounded open subset of M with piecewise C*
boundary S, 1% a vector field transverse to S and outgoing', n® a normal vector field to S such
that lon® = 1. Let o be a 1-form C* on Q, then

/aana(leVol):/VaaadVOI.
S Q

Proof. We have essentially proved the result above. Take the 3-form w to be
w = *a,

then )
dw = —ZvaaadVol.

Moreover, denoting by n’ the 1-form (n”), = nq,

/S*a _ /S<l,n>g>ka

= /SlJ(nb/\*a)—/Snb/\(lJ*a)

—_—
=0 since nlS

1
= / la(—=)agn®dVol.
s 4

This concludes the proof. ]

!The vector field I is chosen outgoing in order for the orientation of the 3-form I.dVol on S to be consistent
with the orientation of S. The theorem is true whether or not [ is outgoing.
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2.1.5 Symmetries, Killing vectors

Definition 2.15 (Killing vector field). On a space-time (M, g), a vector field K is said to be a
Killing vector field if and only if its flow is an isometry for the metric g, i.e.

Lrg=0,
which is equivalent to the Killing equation
ViRt =,
i.e. the symmetric part of the covariant derivative of K vanishes.

Definition 2.16 (Stationarity, staticity). A spacetime is said to be stationary if it admits a
global timelike Killing vector field. It is said to be static if it admits a global timelike Killing
vector field that is orthogonal to a family of spacelike hypersurfaces (equivalently, orthogonal to
a Cauchy hypersurface).

As an example, the symmetry group of Minkowski spacetime (preserving the metric, orien-
tation and time-orientation) is the Poincaré group. It is the 10-dimensional group generated
by the four Cartesian coordinate translations, the three space rotations and the three boosts
or hyperbolic rotations. The infinitesimal generators of these transformations provide the 10
independent Killing vector fields of Minkowski spacetime :

translations : Oy, Oy, Oy, 0, ;
rotations : x0y — YOy, Y0, — 20y, 20, — 10, ;

boosts : x0; 410y, yO; + 0y, 20; + 0., which are sometimes viewed as generating rotations in
the planes (it,x), (it,y) and (it, z) (hyperbolic rotations).

2.2 A touch of functional analysis

In this section we study the equation

9 _
o =140, (2.15)

on a Hilbert space H with inner product (., .), where A is a self-adjoint operator on .
By Hilbert space, we mean separable Hilbert space. Let us first recall some basic definitions.

Definition 2.17 (Adjoint). Let A be a densely defined operator on a Hilbert space H, i.e. its
domain

D(A)={peM; ApcH}

is dense in H. The adjoint A* of A is an operator on H whose domain is
D(A*) ={¢p € H; the map ¢ — (A, ¢) extends as a bounded linear map on H}

and it is defined by

Vo € D(A"), Vi € D(A), (¥, A%¢) = (AY, ¢).
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Definition 2.18 (Self-adjoint operator). A densely defined operator A on H is self-adjoint if
A = A*. This is equivalent to :

1. 1t is symmetric, i.e.
Vo, Y€ D(A), (A, v) = (¢, AY),
2. D(A*) = D(A).

Remark 2.7. Note that if A is a densely defined symmetric operator on H, then D(A) C D(A*),
so in order to prove that it is self-adjoint, it suffices to establish that D(A*) C D(A).

Let us now consider the equation (2.15) and more particularly the Cauchy problem

% =idg,
) { o(0) = do € H.

The first thing we easily remark is that in the natural function space of solutions, we have
uniqueness of solutions of the Cauchy problem. Let us be more explicit. A natural space in
which to look for solutions of (P) is

C(Ry; D(A)NCYRy; H).

Indeed, we want to be able to apply A to ¢ at each time, so ¢ must be in D(A) for all . Note
that in particular, this requires that ¢9 € D(A). Also we want to take the value of ¢ at t = 0,
so ¢ must be continuous in ¢. This gives us C(R;; D(A)), which is embedded in C(R;; H) ; this
is because we use on D(A) the graph norm

161D cay = 1113, + [ Agll3,

which is always larger than the norm in H. We also need to differentiate ¢ with respect to t,
so we need it to be a differentiable function with values in H, but then since we already have
assumed ¢ € C(R;; D(A)), the equation implies that

9 .
5 = 140 € C(Re; H)

and therefore ¢ € C1(R;; H).
Let us show the uniqueness of solutions of (P) in C(Ry; D(A)) NCHRy; H).

Proposition 2.11. Let ¢g € D(A). If ¢ € C(R;; D(A))NCH(Ry; H) is a solution of (P), then
it satisfies

6Bl = llgolln vt € R (2.16)

and it is therefore unique.

Proof. Let us prove (2.16) :

Clo,0) = (140, ¢} +16, iA0)
= (49, ¢}~ il6, A9) =0
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since A is self-adjoint. This establishes that any solution ¢ of (P) in C(R;; D(A)) NC (R ; H)
satisfies (2.16). Now let us consider ¢ and v two solutions of (P) in C(R;; D(A))NC (R;; H).
Then 9 — ¢ is a solution of (2.15) in C(R;; D(A)) NCH(Ry; H) with initial data 1(0) — ¢(0) =
¢o — ¢g = 0. It satisfies

[%(t) = d@)ll3 = [14(0) — (0) |2 = 0 ¥t € R.

Therefore we have ¢ = ¢. O
The existence of solutions is then given by a classic theorem which is (the easy part of)
Stone’s theorem :

Theorem 2.6. Let A be a self-adjoint operator on a Hilbert space H, there exists a family of
operators denoted e, t € R, such that

1. for allt € R, e is a unitary operator on H,

2. €04 =1dy,

3. for allt,s € R, e¥4eitA = ¢t (+9)A (therefore in particular e**AetA = etAeis4 )
4. forall p € H, e*4p € C(Ry; H),

5. for all ¢ € D(A), e € D(A) and

A,
#—M’Agbast—)&

Remark 2.8. Properties 1-4 are the definition of a strongly continuous 1-parameter group of
unitary operators.

In fact, this part of Stone’s theorem is merely a direct consequence of the Borel functional
calculus version of the spectral theorem. The difficult part of Stones theorem is the converse
result, that any one parameter group of unitary operators is of the form e”4 where A is a self-
adjoint operator on H. The Borel functional calculus version of the spectral theorem is the
following result, which we admit here (see M. Reed and B. Simon, vol. 2 [24], p. 262).

Theorem 2.7 (Spectral theorem : functional calculus form). Let A be a self-adjoint operator
on a separable Hilbert H, then there exists a unique map ® from bounded Borel functions on R
into L(A) such that

1. & is an algebraic x-homomorphism, i.e.

e O(f+g)=2(f)+2(9),
o O(fg) =@(f)o(g),

o O(1) = Idy,

o O(f) = (2(f))",

2. ® is norm continuous, more precisely Htﬁ(f)Hﬁ(H) <\ fllzee,
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3. let {hn}nen be a sequence of bounded Borel functions such that for all x, hy,(x) — z as
n — 400 and for all x and n |hy(z)| < |z|, then for any ¢ € D(A),

lim ®(hy)Y = At

n—-+oo

4. let {hp}nen be a sequence of bounded Borel functions converging pointwise towards h and
such that the sequence ||hy||Leo is bounded, then ®(hy,) converges strongly towards ®(h).

In addition,

5. if Ay = M then ®(h)h = h(\)y,
6. if b >0 then ®(h) > 0.

Of course, in the case where A is bounded, we do not need the functional calculus to define

4 we can use the usual power series which converges in norm in £(#). When A is unbounded

e’L
however, the functional calculus not only allows to define €4 but also to verify easily its prop-
erties.

It is important to note that €4 commutes with A on D(A).
Proposition 2.12. Let ¢ € D(A), then e Ap = Ae™ ¢ for all t € R.

Proof. This is an immediate consequence of properties $ and 5. We have for all £,s € R

i(t+s)A , _ itA . i(s)Ag — ;
e p—eo  _ eztAw%e”AAgb as s = 0,
s s
i(s)A itA |, itA ‘
_ ety —e ¢_>AeztA¢aSS_>O‘ O
s

An important consequence of this property is that the Cauchy problem for (2.15) will be well-
posed in all the successive domains of A.

Theorem 2.8. Let ¢g € D(AF), k € N*, then the solution of (2.15) in C(Ry; D(A))NC (Ry; H)
satisfies

k
¢ € () CP(Ry; D(AFP)).

p=0

Proof. For k = 1 there is nothing new. Let us assume k > 2, then the theorem is a direct
consequence of the previous proposition. Indeed Agg € D(A*~1), with k — 1 > 1 and therefore

e Apy € C(R;; D(A)NCHR,; H).
But since A commutes with ¢4 on D(A), we get
e Ay = Ae gy = Ag(t) € C(Ry; D(A)NC (Ry; H).

This implies that
6 € C(Ry; D(4%)NC (Ry; D(A)). (2.17)



Wave equation, conformal invariance 25

And using the equation we also have

iAp = % € C(Re; D(A)NC'(Re; H). (2.18)

Putting (2.17) and (2.18), we get
¢ € C(R;; D(A*))NCH(Ry; D(A)NC*(Ry, H).
The theorem follows by induction. O

Remark 2.9. In some important cases, H will be a distribution space (H = L*(R™) for example),
and A will be a differential operator. In such cases, it is often possible to gain the existence and
uniqueness of solutions of (2.15) in € C(Ry; H) in the sense of distributions ; such “minimum
reqularity” solutions will still have their norm in H conserved throughout time.

2.3 Wave equation, conformal invariance

Definition 2.19 (D’Alembertian). On a given spacetime (M, g) the D’Alembertian operator is
defined by

Oy =V, V*. (2.19)
It is easy to check that in a local coordinate basis, its expression is given by

1

Vgl

Definition 2.20 (Wave equation). The wave equation on a space-time (M, g) is the equation

Ly = 0a(V/1919*" ) - (2.20)

Ogp =0
for a scalar field ¢.

We now define the notion of conformal rescaling and we shall see shortly that the D’Alember-
tian has a role to play in such transformations.

Definition 2.21 (Conformal class). Consider a spacetime (M,g). We say that a metric g on
M is conformally equivalent to g if there exists a positive nowhere vanishing smooth function €
on M such that § = Q%g. We also say that § is a conformal rescaling of g. The conformal class
[g] of g is the set of all metrics on M that are conformally equivalent to g.

Under a conformal rescaling, the connection changes in a rather simple way. Recall the
expression of the Christoffel symbols in a coordinate basis

1
Fap© = §g°d (Oagbd + Obgad — OdYab) ,
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then for a metric § = Q%g, Q > 0 on M and smooth, we have the Christoffel symbols

. 1. X A A
L = §ng (Oadbd + ObJad — OdJab)

.-
= Fabc = §Q 2ng (aa(Q2gbd) + ab(Q2gad) - ad(Q2gab))
= Fabc + 2gf‘bvc)ln Q— gchaln Q.
We denote by Cp.* the difference between the two Christoffel symbols ; note that this is a true

tensor field (contrary to the Christoffel symbols) expressing the difference between the Levi-Civita
connections V and V of the two metrics g and § :

Che® =T —Tab®, Cp = Qg?bvc)an — gV InQ, Cp” = Cpe)* . (2.21)

This tensor can be used to express the difference between the Riemann tensors for g and § : first
we write

ﬁa@bwc = VG(wac—ObchJd)

- abe(vewc - Cecdwd)
—Cuf (Vpwe — Cpetw?) .

This gives
—Rwq = (VoViy— VVi)we
= —Rape'wq — 2V, Cytwq
-0
_2Cc[aevb]we + 2Cc[aecb]edwd )
whence
Ao d d _ d e d
Rope” = Rave”™ = 2(V[4Cy)") — 2C 1, Oy - (2.22)

By taking the trace of (2.22), we can obtain the relation between Scal; and Scal,. But we must
be careful, taking the trace means using a metric to raise an index, g for R and g for R. The

index d is already raised, so we just need to contract with QZ = gg, but we also need to contract
with g% = Q72¢%. We get

Scalg = Rabab = Q_Q(Rabab + gaCQ(V[aCb}Cb) — 2¢g%¢ C[aecb}eb)

and after a long but straightforward calculation, provided we are careful and do not make mis-
takes, we find the following result?

Theorem 2.9. Consider a spacetime (M, g) and a metric g in the conformal class of g with
conformal factor Q, i.e. § = 2g, then

Scaly = Q_QScalg + GQ_3DQQ.

2A more detailed study of the modification of the different parts of the curvature under conformal rescalings
is given in [26], with a different sign convention for Lorentzian metrics though, so some conversions are necessary,
and in the formalism of Weyl spinors in [23].
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This will allow us to establish that a simple modification of the wave equation satisfies a
property called conformal invariance.

Definition 2.22 (Conformal invariance). The conformal invariance of a covariant equation
means that there exists s € R such that a field ¢ satisfies the equation for the metric g if and
only if Q°¢ satisfies the equation for g.

The wave equation is not conformally invariant. However, a slight modification of this equa-
tion involving the scalar curvature is conformally invariant. We shall refer to it as the conformal
wave equation :

1
Og0 + EScalggZ) =0. (2.23)
More precisely, we have the following fundamental result which is a consequence of Theorem 2.9 :

Corollary 2.1. We consider a spacetime (M, g) and a metric g in the conformal class of g with
conformal factor Q, i.e. § = 0%g. Then we have the equality of operators acting on scalar fields

on M : . .
O + 5 Scaly = 3 (Dg + 6SCa1§) Q. (2.24)

Proof. We express the right-hand side of (2.24) in terms of the factor Q and the metric g :
1 1
? (Dg + 6Scalg> Q! = o} <D§ + 6sﬂsealg + Q3DgQ> ot
1
= Q0,0+ g Scaly + Q1 0,9).

We apply the first term of the right-hand side to a scalar field ¢ and develop the expression in
a local coordinate basis

PO, e — 931|A|aa 350,00
Vg
1
= Q’l—| |8af22 191 *P 3010
Vg
= 2009 (2 19) + Q0,(29)
= 2VQ, V(Q719))y + AO,Q e+ 20(VQT, V), + Oy
= 0o +2071(VQ, Vo), —2074VQ, VQ)e¢ — 20 1(VQ, Vo),
—QéV,(Q272VQ)
= 0,0 —2072(VQ, VQ),6+2072(VQ, VQ),6— Q1 (O,0)6
= Oy —Q HT,Q)¢.
Putting things together gives (2.24) and proves the theorem. O
This has the immediate consequence :

Corollary 2.2. Let ¢ € D'(M), the following conditions are equivalent :
1. ¢ satisfies (2.23) in the sense of distributions on M ;
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2. d; = Q¢ satisfies
| .
Dg¢ + 6Scalg¢> =0

in the sense of distributions on M.

2.4 Exercises

Exercise 2.1. Obtain the expression (2.2) of the Minkowski metric in spherical coordinates
starting from its expression (2.1) in Cartesian coordinates.

Exercise 2.2. Calculate the Christoffel symbols associated to the Minkowski metric for Cartesian
coordinates and for spherical coordinates. Conclude that the Christoffel symbols are not a tensor

field.

Exercise 2.3. Check that the expression (2.11) of the volume form in definition 2.13 is inde-
pendent of the coordinate system. Prove the equivalence of (2.11) and (2.12).

Exercise 2.4. Prove proposition 2.10.

Exercise 2.5. Prove that the 10 vectors listed in the last section of this chapter are indeed Killing
vector fields.

Exercise 2.6. Prove expression (2.20) of the D’Alembertian.



Chapter 3

The wave equation on flat space-time
integral formulae, Cauchy problem

The scalar wave equation, in the flat case, is the hyperbolic evolution equation on R; x R?

O¢ =0, where O = 87 — A, is the D’Alembertian on R x R". (3.1)

3.1 Integral formulae

There are integral formulae giving either the general solution of equation (3.1) or of the Cauchy

problem
02¢ — Ny =00on Ry xR, 4(0,.) = f, 9,¢(0,.) =g. (3.2)

3.1.1 n=1

The first well-known formula giving solutions to the wave equation is due to D’Alembert ; it
provides the general solution of (3.1) for n = 1. It was given by D’Alembert in 1747 [6] in the

following form :
o(t,x) =Flx+t) +G(x —t). (3.3)

The proof is a simple exercise using a change of variables.

Remark 3.1. 1. It is indeed an integral formula, it can be written as follows

o(t,x) = /{_171} O(u, x4+ ut)d(6—1 + 1) (u) = /SO O (u,x + ut)do(u),
where ®(—1,.) = G and ®(1,.) = F.

2. There is an apparent limitation attached to this formula. The functions F' and G need to
be continuous for it to make sense. There is no guarantee it is indeed providing the fully
general solution of the wave equation. But the formula can be reformulated as follows :

(Z):T_tF+TtG,

29
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where Ty is the translation with respect to t defined as follows for continuous functions

(ref)(x) = flz—1)

and which naturally extends to distributions by duality and invariance of the Lebesgue mea-
sure under translations.

There is another common way of expressing D’Alembert’s formula when one is interested
in solving the Cauchy problem (3.2) for n =1, it is as follows :

1 1 T+t
o(t.0) = (=0 + far0)+5 [ glo)ds. (3.4)
T—t
To make sense of it, g must be locally integrable on R, which is a fairly weak constraint.

It is easy to go from (3.3) to (3.4). We proceed as follows :

f@)i=0(0.2) = F@)+Gla),
o@)i= S00.0) = Fla) -G,
o(t,x) = Fx+t)+G(x—1)

_ %[(F(x +1)+ Gz + 1)+ (Fla +t) — Gz +1))]

_,_1[(17(35 —t)+Gx—1t) — (Flx+1t)— Gz +1))]

2
T+t
_ %f(x + 1) + F(0) — G(0) + ;/0 g(s)ds
syl -(FO - GO) -5 [ gls)as

T+t
= U=+ far+g [ ats.

Note also that (3.4) gives us the expression of F' and G in terms of the Cauchy data :

3.1.2

n =1 with symmetry

Proposition 3.1. The form (3.4) of D’Alembert’s formula shows that some symmetries of the
data are transferred to the solution :

1.

2.

if f and g are even, then the solution (3.4) will be even in x for all t ;

if f and g are odd, then the solution (3.4) will be odd in x for all t.

Proof. The proof simply uses the fact that if g is odd (resp. even), then its primitive which
vanishes at the origin is even (resp. odd). The rest is an obvious direct calculation. O
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3.1.3 n=3

In 3 space dimensions, the classic formula is the Kirchhoff formula (or D’Adhémar-Fresnel-
Kirchhoff formula), dating from the late XIXth century. It is in the spirit of the second form of
the D’Alembert formula and gives the solution (provided it is C?) of the Cauchy problem (3.2)
for n = 3 in terms of integrals of the initial data :

1

Pt,z) = W Jyo (f(y) + (y—2).Vf(y) +tg(y)) do(y)

1
= 47T/S2 (f(z + tw) + tw.(Vf)(z + tw) + tg(z + tw)) d®w.

Proof of the formula. It is done by the method of spherical means. We write the proof for
t > 0, it can be extended to t < 0 simply by a time reflexion (meaning changing ¢ into —¢ and g
into —g). Let ¢ € C?(R; x R3) a solution of (3.1) for n = 3. We define the average U (z,t,7) of
#(t,y) on the sphere S%(z,r) in R3 :

1
A2

Ut = oz [ oot = o [ ol +r6o©). (35

A g

The fact that ¢ satisfies the wave equation implies that U satisfies a partial differential equation
purely in the variables ¢ and r. Let us start by evaluating the derivative of U with respect to r :

ou 1 ; 09 . :
E(m, t,r) = o |§\:1€ Bt (t,z +r&)do(§) (outgoing flux of the gradient)
1
= — dive(Vo(t, x4+ r§))dE
Am Jig<1
r
= — Ag(t,x 4 r&)dE
Am Jig<1 | )
r 0%¢
= E <t w(t,l’ + Tf)d{
r 02

1 02 /
= — o(t,y)dy .
47TT‘2 8t2 |y—ac|<r

Now we express the volume integral in terms of the spherical average function U :

1
¢(t,y)dy—/ p*U(x,t, p)dp.

dm ly—z|<r 10,7

It follows that

U RZ Rz
2 (z,t,r) = = 2 t, p)d :/ e t,p)dp.
ria @) = o5 /]Mp U(z,t, p)dp " gzl (@:t,p)dp
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Taking the derivative with respect to r we get
0*U i 200 0?U
orz " ror  ot2
Hence ¢(z,t,7) = rU(x,t,r) satisfies
Po v
o2 orz
which is the wave equation in one space dimension. The function v, for a given x, is a priori
only defined on Ry x R} but the second expression of U in (3.5) is defined for any r € R, is even
in 7 and is C? in (=,t,7) for 7 > 0. Moreover, (3.6) shows that

a—U—>Oas7“%0.
or

So 1) extends naturally for each x as a function that is C? on R; x R, (in fact in C?(R, x R; x R,.))
and odd in r, which consequently satisfies the wave equation on the whole (t,r)-plane for each
x. We denote by 1 the extension of ¢ to R, x Ry x R,. that is odd in r. Hence, putting

- ~ N
Flar) = 9(,0.0), 3(a.r) = 20(w,0,7),
using D’Alembert’s formula we get

B B r+t
(xz,t,r) = %(f(x,r—i—t) + f(z, 7 — 1)) —i-;/t g(x, s)ds.

Using the fact that f and ¢ are odd in r, we deduce the following expressions for ¥ (z,t,r) in the
domains 7 >t > 0 and t > r > 0 respectively :

1 - B 1 r+t
v(x,t,r) = i(f(x,r—kt) + flz,r—1t)) + 2/ g(x,s)ds forr>t>0,
r—t
1 - _ 1 t+r
P(x,t,r) = §(f(x,7" +1t)— f(z,t—7r))+ 2/ g(x,s8)ds fort>r>0
t—r
Now we divide by r and take the limit as r — 0. So only the form for £ > r > 0 is useful and we
obtain
3 _f _ 1 t+r
- (f(x, ret) = flat-r) 1 [ e ds)
r—0 2T 27“ t—r
04 Y
= E(w,o,r =t)+ E(a:,o,r =)
— tcgg(a:,o,r =t)+U(z,0,r =1t) —i—taag(l’,oﬂ" =)
and using the second expression of U in (3.5) we obtain the formula. O

This formula has a remarkable consequence which is often referred to as the Huygens principle
(or strong Huygens principle in contrast with some weak versions we shall encounter later in the
course) and stating that for the wave equation in 3 space dimensions, the information travels
exactly at speed 1 :
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Theorem 3.1 (Huygens principle). For n = 3, if the data for the wave equation (3.1) att =10
are supported in the ball B(0, R), then the associated solution ¢ satisfies

o(t,x) =0 for |z| < |t| - R.

In 1903, Whittaker [27] obtained another integral formula which is comparable to the first
form of D’Alembert’s formula. It provides “general” solutions of the wave equation on R; x R3
with no particular relation to the Cauchy problem :

o(t,x) = /52 O(r.w—t,w)dw. (3.7)

It is quite different from the Kirchhoff formula, the most striking aspect being the presence of
only one arbitrary function on R x S? instead of two functions on R3. We shall see that its natural
interpretation is in terms of scattering theory. Whittaker’s proof was a direct calculation, similar
to the one he used to obtain an integral formula characterizing harmonic functions on R3. We
will not give his proof here. We shall see later a different and much less direct proof of this
formula in the Lax-Phillips version of scattering theory.

3.1.4 n=2

Deduce a formula from the n = 3 case. In even space dimensions, the propagation exhibits a
very different behaviour from the odd dimensional cases, namely, the Huygens principle is valid
only for space dimensions n > 3 and odd. We will only be interested in the odd space dimension
cases and mostly in n = 3.

3.2 The Cauchy problem

The Cauchy problem (3.2) can be made sense of and solved in very general function spaces,
provided we keep some sort of time regularity to allow us to give a meaning to the initial data
conditions. Several methods can be used to solve (3.2). Some will be adapted to these very
general function spaces, others will bring their own sets of function spaces, which, although less
general, will provide ideal frameworks for developing scattering theories.

3.2.1 Spectral approach

In this section we work with n > 3 (see footnote 1 below). We write the wave equation in its
Hamiltonian form, i.e. as a Schrédinger equation :

atU—iAU,U:—<8f¢>,A——i<g é) (3.8)

Theorem 3.2. The operator A is self-adjoint on H = H'(R™) x L*(R™), completion of C*(R™) x
C§°(R™) in the norm

01 = | (Vausl + ).
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Proof. First for U € C°(R"™) x C§°(R™), we have AU € C§°(R™) x Cg°(R"™) C H, so the
domain of A contains C§°(R™) x C3°(R™) and is therefore dense in H. Let us prove that A is

symmetric. Let
P1 )
U =
(%

(AU, V)y

,vz<w)eqﬂwpw$mw,
(e

- (&) ()
— i [ (Vo + Adni) do

_ / (62.AT1 + V1.V ) da
]Rn

= ()i a0 )

= (U, AV)y.

The symmetry on D(A) follows by density. It remains to show that D(A*) C D(A). For n > 3,

H'(R™) is a space of distributions'
to determine its domain. Let

so it is easy to understand A* as a differential operator and

_( 9
U<¢2>e7-l,

then U € D(A*) if and only if the map

V € D(A) — (AV,U)y

extends as a linear continuous map on H. This map is a distribution which we can evaluate in
terms of ¢1 and ¢ in the usual manner : consider

V:<%)e®mww$mw

s
A Yo 1

<”<Am>’<@>”

i / (G.Aty + VE1.Viy) da
Rn

{2, A1) pr cgo + (Vi Viha)pr coe
~i{Va, Vo1 ) cge — i{A1,1h2) pr oo -

This extends as a continuous linear map on H if and only if

Vo and A¢y are in L*(R"),

!This is not the case for n = 1 and n = 2, see Soga 1983 [25], p. 732.
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which is equivalent to AU € H, i.e. to U € D(A). Therefore D(A*) = D(A) and the proof is
complete. ]

Consequently, by Stone’s theorem and remark 2.9, the Cauchy problem (3.2) is well-posed in
‘H and all the successive domains of A in H.

Remark 3.2. One might feel that the purely spectral approach for the wave equation is somewhat
unsatisfactory, the space H being a little awkward because of the homogeneous Sobolev space
HY(R™). This would be particularly true for n = 1 and n = 2 since H'(R) is not even a
distribution space (see footnote 1 above). But even for n > 3, the domains of A are not easy to
understand because of the lack of L? control on the first component of U. However, such function
spaces are natural for constructing a scattering theory for the wave equation on asymptotically
flat backgrounds, whether one uses a spectral approach or a conformal approach (see the example
of the Schwarzschild metric with the spectral approach [7, 8, 9] and the conformal approach [19]).

3.2.2 Fourier transform

We look for a solution ¢ € C1(R;; S'(R™)) (resp. C1(R;; S(R™))) of (3.2). If ¢ is in such
a distribution space, then ¢ satisfies (3.2) if and only if its Fourier transform in space gﬁ(t,f)
satisfies ) R ) R R

/0 + €0 =0 on Ry xRy, 6(0,) = f, 0:6(0,.) = (3.9)

The problem (3.9) has a unique solution in C!(R;; S’(R™)) (resp. C'(R;; S(R™))) given by

G(t,€) = f(&) cos(t|¢]) + §(€) Sin‘(;\ﬂ) _

This is due to the fact that the functions cos(¢|£|) and % are smooth in ¢ with values in

smooth (in fact analytic) functions in ¢ with moderate growth at infinity, and are therefore
continuous multipliers of both spaces C!(R;; S’(R")) and C'(R;; S(R")). This proves the
following theorem, the last statement in the theorem being a straightforward consequence of
what we just established and the equation.

(3.10)

Theorem 3.3. Given f,g € S'(R") (resp. S(R™)), the Cauchy problem (3.2) for the wave
equation has a unique solution in C*(Ry; S'(R™)) (resp. C*(Ry; S(R™))) given by

olt, ) = 7! ( 7€) cos(ile]) + g(g)singsr)) |

This solution is in fact in C*°(Ry; S'(R™)) (resp. C*°(Ry; S(R™)))

Moreover it is immediate to check, using the characterization of Sobolev spaces via the Fourier
transform, that the Cauchy problem is also well-posed in any Sobolev space :

Corollary 3.1. Given s € R, f € H*(R"), g € H*"Y(R"), the associated solution ¢ of the
Cauchy problem (3.2) satisfies :

¢ € C(Ry; HYR™)NC Ry; HH(R™)).



36 The wave equation on flat space-time : integral formulae, Cauchy problem

3.2.3 Fundamental solutions

G the backward fundamental solution (G(z,y) = 6((2" — ¥/)?)0(—z0 + yo) essentially). Then
write

4
b(x) = / (610G (2, y) — G, )D(y)) dy = / V. (6(y)VC(z,y) — Glz,y)Vo(y)) d*

R

Integrate by parts on the future of some initial data hypersurface (null or spacelike) and since the
fundamental solution has support limited in the future, we get a boundary term that is purely
on the data hypersurface and formally reads

olz) = /E (6(W)VaG(z,y) — G(z,4)Vnd(y)) d*

3.3 Exercises
Exercise 3.1. Prove D’Alembert’s formula (3.3).
Exercise 3.2. Prove that the Cauchy problem for the Klein-Gordon equation on R; x R7
O2p— Ap+m?p=0
is well-posed in H'(R™) x L?(R™).
Exercise 3.3. Same exercise as the previous one with equation
O2p— Ap+m*p+ P(t,z)p =0

where P is a continuous bounded function on Ry x RY.
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Energy estimates

4.1 The flat case

In this section, we present the methods of energy estimates for the wave equation on flat space-
time.

The Fourier transform approach provides the existence of solutions in spaces of very weak
regularity (tempered distributions) and very strong regularity (the Schwartz class of smooth
rapidly decreasing functions). The well-posedness in the Schwartz class together with energy
estimates allow us to recover, for s € N*, the results of corollary 3.1, with the important difference
that this strategy carries over to general curved spacetimes. We describe energy estimates and
their many applications in the next section ; the use of these techniques to solve the Cauchy
problem in various Sobolev spaces will be presented there.

There are two essentially equivalent ways of understanding the principle of energy estimates.
The first, which is familiar to most PDE analysts, is to multiply equation (3.1) by a well-chosen
directional derivative of the solution ¢ and to integrate the result by parts on a domain of
R+ with piecewise C' boundary. The second is much more geometrical and comes from the
physical /geometrical invariance properties of the equation ; it is the basis of so-called vector field
methods or geometric energy estimates techniques.

4.1.1 Analytical approach : finite propagation speed
We explain this description of energy estimate on a particular example and use it to establish

the finite propagation speed of the solution. Consider ¢ € C>°(R x R™) solution of (3.1) : we
have

0= 016 (076 — D)) -
We integrate this by parts on the domain
Qrr={(t,z) ERXR"; 0<t<T, [z| <R+T—1t} (4.1)
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and denote the three pieces of the boundary of Qg7 by

Yr = {(t,z) eRxR"; t=T, |z| <R}, (4.2)
Yo = {(tx) ERxR"; t=0, [z <R+T}, (4.3)
S = {(t,x) eRxR"; 0<t<T, |z|]=R+T—t}. (4.4)

We obtain

1

0 = 2/2T (100 + | VeI*) d°2

1
~5 [ (20 + Vo) da
o
1 T
+— Oo® + |Vo|* + 20,6—.V >d :
5 [ (1008 + (9 + 200,70 ao
The last integral being non negative, we see that
1 1
5 [ (0P +19oP) o <5 [ (00 + Vo) da. (45)
2 Sr 2 Yo

In particular, if the solution is zero for |z| < R+ T at t = 0, this implies that it must also be
zero at t =T for |x| < R, i.e. the information propagates at most at speed 1.

Remark 4.1. Note that this result is weaker than the Huygens principle which gives an exact
propagation speed. But it is also more general : unlike the Huygens principle, this property will
be valid for perturbations of the wave equation by first or zero order terms and it can also be
extended, using the same method, to similar equations on curved backgrounds.

Finite propagation speed and theorem (3.3) entail the following result

Theorem 4.1. Given f,g € C°(R"™), the Cauchy problem (3.2) for the wave equation has a
unique solution in C*(Ry; C§°(R™)). This solution is in fact in C°(Ry; CS°(R™)).

By duality, we deduce well-posedness with general distribution data :
Corollary 4.1. Given f,g € D'(R™), the Cauchy problem (3.2) for the wave equation has a
unique solution in C(Ry; D'(R™)). This solution is in fact in C°(Ry; D'(R™)).
4.1.2 Geometrical approach

From now on, we consider only the case n = 3 corresponding to the framework of special relativity.
We denote by (M, 7n) the 4-dimensional Minkowski spacetime.
The wave equation (3.1) has a conserved stress-energy tensor. It is the symmetric 2-tensor

1
Tab = 8a¢ab¢ - §<v¢a v¢>n77aba (46)
where 7 is the Minkowski metric

n = dt? — egs, egs being the euclidean metric on R?,
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and (.,.) is the inner product induced by 7, i.e.

(Vo Vo), =n"VasVid = [0:° — |Vao]*.
The stress-energy tensor (4.6) satisfies the following fundamental property.

Proposition 4.1.
VT = (V) 0o (4.7)

and therefore
Ve, =0 (4.8)

whenever ¢ satisfies the wave equation.

Proof. It is a direct calculation :

1
Vil = V° <Va¢Vb¢ - 2Vc¢Vc¢nab>

D¢)vb¢ + Vagbvaquf) - (vavcd)) (VC¢)nab

Do) Vid + VedVpVed — (VOV . 0) (VEP)nap no torsion
)
)

(
(
() Vi + (V) (VVed)nab — (VVed) (VD) Nab
(O¢)Vee. O

A “family of local observers” is described by a timelike vector field. From a stress energy
tensor, an energy current can be inferred by contracting it with a timelike vector field. Note
that it is also sometimes interesting to consider energy currents associated with spacelike or null
vector fields, they do not correspond to a physical measurement of energy current by a realistic
observer but they can give useful information nonetheless, like local dispersion of energy for
instance.

The conservation law (4.8) is not directly usable because it does not readily provide a con-
served current (i.e. a divergence-free vector field). However, the symmetries of flat spacetime
will allow us to infer many conserved currents from 1.

Proposition 4.2. Let K be a Killing vector field on M, then the vector field
J* = K"Ty
1s divergence-free.

Proof. It is a direct consequence of the Killing equation and the symmetry of the stress-
energy tensor :
Ve, = K"V, + Ty VO K = K'VTy,, + T, V@K

and this is zero since K is Killing and by the conservation law (4.8). O

Minkowski spacetime has a 10-dimensional group of isometries : the Poincaré group. Its
associated Lie algebra is the 10-dimensional vector space of all Killing vector fields of M, a basis
of which is made of :
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e O, 0,1, 0,2, 0,3, generating translations ;
o 20,2 — 220,1, £20,3 — 230,2, 30,1 — x'0,3, generating spatial rotations ;
o 10,1 + 210, t0,2 + 220y, t0,3 + x30;, generating boosts.

This gives us 10 independent conserved currents.

An important property of the stress-energy tensor for the wave equation is that when we
contract it with a future-oriented timelike vector field and calculate its flux across a spacelike
hypersurface with future-oriented normal, we obtain a positive energy. This is the so-called
“dominant energy condition”.

Proposition 4.3 (Dominant energy condition). The stress-energy tensor Ty, satisfies the dom-
inant energy condition : for every future-oriented causal vector field V', the vector field TbaVb 18
itself causal and future-pointing. Another equivalent way of stating the dominant energy condition
is the following : for all future-oriented causal vector fields V, W, we have Ty VAW > 0.

Proof. Let V be a future-oriented causal vector field, i.e.
V=200, + V", "> V],

put
W =TV,

We have
WO = B0Vre— 5((00)° — [VaoP)V

_ %Vo((6t¢)2 + | Vaol) + 0:6Vyio

Y

1
3V (08)* + [Vao|") = |06l V'] Va0
1
> S((09)* + [Vas) (VO = V') 2 0.
So if W is causal, it is future-oriented. Let us check the causality :
1 1
W W = g (VOVyo— (Vo, VOV)(VPoVvo— (Vo, VOI)

= (Vvl(Vo, V6) ~ (VvoP (Y6, Vo) + {(V6, VOV, V)
1

= 4(V¢, V)2 (V, V) >0 since V* is causal.

This proves the proposition. O
This property allows to establish estimate (4.5) by a different approach using more geometrical
ingredients. We consider the energy current

J =T =1,
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corresponding to the perception of a static observer (whose velocity 4-vector is given by ;) ;
recall that the current is conserved because 0; is Killing. We integrate the divergence of J over
the domain Qp 7 with boundary made of X7, ¥y and S as defined in (4.1), (4.2), (4.3) and (4.4).
Denoting by Es,, and Ey,, the energy fluxes across X7 and X, oriented by 0; and by Eg the
outgoing energy fluxes across S, we get

Es, +Es—FEx, =0,

all fluxes being calculated using the expression in Theorem 2.4. For the first two fluxes, we take
l=n=0:

1
Pop = 5 [ (0 + Vo) da, (49)
T
1
By, = 2/2 (100 + [V[?) e (4.10)
0
As for Eg, taking
n= (=), L= =0+ 0y,

V2 V2

we have
Eg = / T (8)*NPLodVol > 0
S

by the dominant energy condition. This gives (4.5).

4.2 Energy estimates on a general spacetime

The multiplyer technique can be used in a general curved framework just as in the flat case using
a local coordinate system. We present here the geometrical method involving a stress-energy
tensor and a choice of observer (or vector field in general), for the wave equation

Oy =0, (4.11)

on a spacetime (M, g). Equation (4.11) has a conserved stress-energy tensor

1
Tab = 8a¢8b¢ - §<V¢, v¢>ggab 5 (4'12)
satisfying
VT = (V) Uy,

the proof being identical to the flat case.
Once again, we have a conservation law that cannot be used directly and we must contract
Tup with a vector field V¢ (usually timelike but not always) in order to get an energy current

J = K'Tp.
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In a general situation, we have no Killing vector field and we get the following expression for the
divergence of the energy current :

Voo = VvéOgo + T VOV,
which, for ¢ solution of (4.11), simplifies to
Ve, = TVev? (4.13)

Remark 4.2. Note that Ty, satisfies the dominant energy condition, the proof being identical to
the flat case using an orthonormal basis at each point.

Now consider S a closed hypersurface whose interior we denote €2, S being oriented by the
outgoing normal. We have the following equality from the divergence theorem (Theorem 2.4) :

Eg = / T,V @V avol .
Q

If V¢ is causal and future-oriented, we know that on parts of S where the outgoing normal is
also causal and future-oriented, the flux is non-negative.

4.3 Exercises

Exercise 4.1. Prove equality (4.7).

Exercise 4.2. Show that on any space-time (M, g), for any scalar field ¢ and for any m € R,
the tensor

1 1
Ty i= 0a006 = 5(V6, V)90 + 5m6?

satisfies the dominant energy condition.

Exercise 4.3. Prove equality (4.9).
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Scattering theory

The principle of scattering theory (at least of time-dependent scattering theory) is to analyse
the asymptotic behaviour of solutions to a field equation along its characteristics by finding
a simplification of the equation in the asymptotic region considered and proving that the field
approaches solutions to the simplified system in this region. A complete scattering theory will also
say that the field is completely described by the simplified solutions it approaches asymptotically.

For the wave equation on R; x R, the scattering theory is immediate. There are two asymp-
totic regions, also called scattering channels : » — —oo and r — 400. Consider a generic solution
of equation (3.1) for n = 1 such that both its incoming and outgoing parts have finite energy,
ie.

o(t,x) = F(x +t) + G(z —t) with F,G € H'(R).

We recall the important property of H!(R) :
Proposition 5.1. Let f € HY(R) then f is continuous on R and tends to zero at infinity.

Proof. For any f € C§°(R), we have

(f(x))® = /z 2f(6)f'(t)dt < /m (') + (FE)*)dt < (1[I -

Whence
£l zoe®y < 111 () - (5.1)

This implies, by a standard density argument (exercise 5.1), that H(R) < C°(R) N L>(R). As
a consequence of this, the equality

(f(2))? = / " af () ()t

—00

which is valid for any f € C§°(R), also extends to elements of H'(R). Indeed, for f € H(R),
consider a sequence {fn}nen in C3°(R) which converges towards f in H'(R). We have for each
n €N,

(fn(2))? = / ’ 21 (t) f (£)dt .

—0o0

43



44 Scattering theory

Now f, — fand f' — f"in L?(R), which entails f,f" — ff’ in L'(R) and gives the convergence
of the integral in the right-hand side. But also f,, — f in C°(R) which implies the convergence
of the left-hand side. We conclude by remarking that for f € H'(R), ff’ € L'(R) and therefore

xT

lim 2f()f'(t)dt =0.
z——00 [_
The limit at 400 can be treated similarly. O
If we follow ¢ along an incoming null geodesic t = —x + C', we get

d(—z+C,z)=F(C)+G2x—-C)— F(C) asxz — —00.
Similarly, along an outgoing null geodesic t = x + C,
p(x+Cix)=F2zx+C)+G(-C) — G(—C) as z — +o0.

We see that along the incoming null lines ¢ approaches F(x + t) which is a solution of the
simplified equation

(Gt — 836)11 = 0,

and along the incoming null lines ¢ approaches G(z — t) which is a solution of the simplified
equation

(8t +8x)U =0.

Moreover the solution ¢ is entirely characterized by the solutions of the simplified equations it
approaches in the two scattering channels.

We shall start with a similar construction for the wave equation on 4-dimensional Minkowski
spacetime using the classic method of Cook which relies on some sort of Huyghens principle.
Then, we shall present an alternative approach that is based on spectral theory and makes
contact with very geometrical structures : the Lax-Phillips theory [14]. Its essential ingredient
is a translation representer of the evolution. We first explain the construction of the translation
representation on the simple example of a differential system, then describe Lax and Phillips’s
treatment of the wave equation on M and its relation to the Whittaker formula.

5.1 A classic scattering construction : Cook’s method

We shall see here the usual ingredients of scattering theory for the first time : spaces of incoming
and outgoing data, comparison dynamics, identifying operator, wave operators and scattering
operator.

We start by expressing the wave equation on M in spherical coordinates

2 1
o= 016~ 00— 5050 =0. (5:2)
In scattering theory, there is a crucial difference between short-range perturbations which fall-off

like r=% with a > 1 and long-range perturbations which fall off like r=% with o < 1. This is of
course a question of integrability of these quantities at infinity and the remarkable thing is that
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the space dimension is irrelevant, it is always a matter of integrability in 1-dimension ; this will
become clearer when we see Cook’s method. Short-range perturbations can be treated naturally
provided we have some weak version of the Huygens principle, but long-range perturbations
require an in depth modification of the construction which reveals the profound change they
induce in the asymptotic behaviour. So it is crucial to understand, when long-range terms are
present, whether they are genuine or artificial. Here the term %&nqﬁ is artificially long-range since
it can be eliminated by a simple rescaling of the unknown function. Putting

Y=ro, (5.3)

we get that ¢ € D'(R*) satisfies the wave equation on M (equivalently (5.2)) if and only if v is
a solution of the simplified equation

1
Ot = 0P — 5 Agatp = 0 (5.4)

We can explain this a little more systematically. Recall that the operator A (here expressed in
spherical coordinates)

A= 0 !
B 2420, + 5Ag 0
is self-adjoint on H = H'(R?) x L?(R?) and putting
2 1 )
h = _(872. =+ ;ar + ﬁASQ) , Le. h = _A]R3 y
the H inner product is given by
®1 G B
< ) >'H - <h¢17 <1>L2(R3, r2drdw) + <¢27 C2>L2(R3 , r2drdw) *
®2 G2
We now consider the unitary operator
R : L*(R3, r’drdw) — L3(R3, drdw), Ré =r¢.
Then by conjugation by R, we have
. 1
RAR* = —0? — TQASQ ,

the operator R* being simply the multiplication by 1/r from L?(R3, drdw) to L}(R?, r?drdw),

and
.« _ . 0 I
RAR* = Z<83 7}2:52 O>—.B,

where R and R* are understood as acting on each component. It follows that B is self-adjoint
on H, completion of L?(R?, drdw)? in the norm

1
<< z; > ; < 2 >>H = ((-07 - ﬁAs2)¢1a€1>L2(R3, drdw) T (¥2,€2) 123 | drdw) »

. 1
we | () B = [ (0l TP + o) s
rxS5?

Let us now give the steps of the scattering construction.
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Scattering theory

e Comparison dynamics. The asymptotic region is r — +o0o. In this region, the equation

(5.4) simplifies to
0P —0*v=0. (5.5)

The Hamiltonian forms of equations (5.4) and (5.5) are given by

oU =iBU, 0,V =1iByV ,

W L 0 1
'_<at¢>’3_ Z<8Z+7}2A52 o>’

v . 0 1
._<8w),30__2(830>.

The operator B is self-adjoint with dense domain on H and By is self-adjoint with dense
domain on Hy = (H'(R; L?(5?)) x L*(R x 52)). Note that the range of the variable r
in H is RT whereas it is the whole real axis for Hy. The propagators e* and e*50 are
strongly continuous 1-parameter groups of unitary operators on H and Hj respectively.

Free outgoing and incoming data. Since (5.5) is the wave equation on Ry x R,, we
know that every solution is a sum of an incoming and an outgoing progressive wave in the
(t,r) variables. Each of these two types of solutions is characterized by a special space of
initial data. We define the spaces of incoming and outgoing data

I{Oi = {V = t(Ul,Ug) € Hy, v9 = :Farl)l} .
We have Hy = Hy” @ Hy and for any V € Hg, (e*PoV)(r) = V(r £ t).

Inverse wave operators. The situation we are studying here is very special in that the
full dynamics satisfies a strong Huyghens principle. This means that the scattering theory
is essentially trivial (apart from purely formal difficulties related to function spaces) ;
in particular, the construction of inverse wave operators is immediate. The principle of
construction of wave operators is simple : we start with some initial data for one dynamics
in some dense subspace of the corresponding function space, evolve it for a time ¢, then
evolve it backwards for a time ¢ with the other dynamics and take the limit as ¢ — oo.
For the inverse wave operators, we start with the full dynamics and then apply the time
reversed simplified dynamics. Since the function spaces on which the two dynamics act
are different, we need an “identifying operator” between the two spaces. Consider a cut-off
function
X €C®MRT), x(0) =0, x=1on [1,+o0|

and define the bounded operator

UonRT,
j:H—)Ho,jUZ{XOOan_‘ (5.6)
Theorem 5.1. The inverse wave operators
W* =5— lim e #Po7eitB (5.7)

t—+o0

are well defined for smooth compactly supported data and extend as partial isometries from
H to H[).
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Proof. We prove the theorem for W, the proof is similar for W~. We consider smooth
compactly supported data V € (Cg°(R3))%. By the strong Huyghens principle, taking
R > 0 such that supp(V) C B(0, R), for t > R we have e #BV =0 for 0 <r < R —t and
therefore in particular ye BV = e #BV for t > R+ 1. The principle of Cook’s method
is a very simple observation : the existence of the limit

tl}iﬂoo e_itBojeitBV, (58)
is equivalent to the property
d . .
Ee_“Boje”BV e LYR*; Hy). (5.9)
Let us prove (5.9) :
d . A A _
&e_ZtBojeltBV —_ _ie—ltBo (B(]j _ jB)eltBV

—ie_it30j< 12 8>e“BV fort>R+1.
7z8se

We calculate the norm of this quantity in Hy for ¢ > R + 1, denoting (¢, r,w) the first
component of e*BV :

. 0 0 i 0 0 i
H—Z@ tBoj( 1A52 0 )etBVH%{O = ’j( %Ab@ 0 )etBVH%{O

r2

1
= /R+ . |T—2A52¢(t,r,w)]2drdw
X

1
= / |—2A52¢(t,r,w)]2drdw
[t—Rt+R]xS2 T

1

= (t _ R)4 HASQw(t)H%?([t—R,t—i—R]xS2; drdw)

The last expression can be estimated by a norm in H of an angular derivative of !BV
which in turn can be estimated by the same quantity at ¢ = 0. To show this, we use first
a Poincaré estimate :

Lemma 5.1. Let f € H'(R) supported in [Ry, Ra], then
£l 2@ < (Re — R f'll 2wy -

Proof. We prove the result in the case where f is smooth, using the fundamental theorem
of calculus

Rs
A IO

Ry
Ro> t
— / [ @)dapar
R1 Ry

IN

Ro R
/ (Rs — RJ/ | (@)dzdt < (Ry = R)* | f'll72 ) -
R1 Ry
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This gives the result in the smooth case and the inequality extends by density to functions
in H'. O
It follows that

. _itBy 0 0\ itBy 2 AR? A 2
H—ze J %As2 0 € VHHO = m”&’ S2¢(t)HL2([t—R,t+R]xSQ;drdw)'

This is controlled by

4R? =
WHAS26 tBVH%{
which is equal to
4R?
m”e tBASZVH%I

since Ag2 commutes with the equation (5.4) and therefore with e=#5. It follows that (5.9)
is true and the limit (5.8) exists for all smooth and compactly supported V. Since the
operator J is bounded, this suffices to define the operator W+ on H by density, but it is
not clear then that it is defined as the strong limit (5.7).

Remark 5.1. We even know that J has norm 1, hence for each t, etBo 7e=1B s bounded
from H to Hy and has norm 1, spherically symmetric data supported sufficiently far away
from the unit ball realizing the sup.

Let us prove that the limit (5.8) exists for all V- € H. Let V € H, consider {V,}nen a
sequence in (C5°(R?))? converging towards V in H. For € > 0, let ng € N be such that for
all n > ng, ||V — V,,|lg < /4. Then for all ¢ € R, thanks to remark 5.1, we have

He_itBOJeitB(V—VnO)HHO <e/4. (5.10)
Now we use the fact that the limit
: —itBg itB
i eI
exists : we take a > 0 large enough so that for all ¢; > tg > a,

le—"1Bo gt By, e*itoBojeitoBVnOHHO <g/2.

This gives that for all ¢ > ty > a,

e FEBY - BT BY |y < [ BTV V)
_i_He*itOBOjeitoB(V - Vno)HHO
—i—”e—ihBoje”lBVno - G_itOBojeitOBVno | 16
< €.

This proves the existence of the limit

lim e #Bo geitBy
t—+oo
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The operator W is then well defined, by the strong limit (5.7), as a linear operator from
H to Hy. zi‘;s a strong limit of operators whose norms are all equal to 1, it is bounded and
satisfies |W ™| z(p,1,) < 1. The proof is similar for W~

Let us now show that W= preserve the norm. It suffices to prove this for V € (Cg°(R?))?
as it will extend by density to all V. € H. Let V € (Cg°(R?))? and R > 0 such that
suppV C B(0, R). Denoting by 1 the first component of ¢*BV | we have

lem BT BV, = | TEBVE,

= / (]&1/1(t,7‘,m)|2 + |8t¢(t,r,w)|2)drdw fort >R+1,
R+ xS2
: 1
= VI - [ SV drds
R+xs2 T

» 1
= v - [ L9 gt rw) drde.
[t—Rt+R]xS2 T
We show that the last intergal tends to zero using again a Poincaré inequality :

1
/[t R,t+R]xS2 ﬁ’vszw(tvnw)\Qd?‘dw
i X

1

1
< — —|Age(t, r,w 2+wt,r,w)2drdw
2(t — R)? /[t—R,t—i-R]xSQ palfsl )P+ 1w |

=3t R)y =

_ 4R?

= 2(t— R)?

- 4R?

= 2(t— R)?
It follows that

4R? 1 9 9
|0r Ag2tp(t, 7, w) |7 + [0rp(E, 7, w)|” drdw
[t—R,t+R)]
(le"P Age VIIE + e VIIZ)

(HA@VH% + HV||%{) —0ast— +00.

W Vila, =1V
The proof is similar for W ™. O

This establishes an important property of the solutions of (5.4) :

Corollary 5.1. For any solution v of (5.4), there exist v* solutions of (5.5) such that

. vit) [ v
tlli“oon ( (1) ot (1)
are respectively an outgoing and an incoming solution of (5.5), i.e.
Ui|t=0 +
(gt ) et

In other words, F ::~Ran(V~Vi) C HF ; F) (resp. Fy ) is a closed subspace of Hy (resp.
H; ) and W (resp. W~ ) is an isomorphism between H and Fy (resp. Fy ).

=0.
Hy

Moreover, vt
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Proof. The first part is a direct consequence of the theorem. Let V € H, put Y+ := WV,
we have

Y:t — lim e—itBojeitBV’
t—=+o0

whence

: —itBo 7,itBY, _ vE|.. —
Tim [T T BY — Y E |, = 0

and since e~"P0 is a unitary operator on Hy,
||e—itBoj6itBV o Y:I:HHO — Hje”LtBV o eitBoy:l:”HO )

Now the fact that W= are partial isometries implies that they have closed range and that
they are isomorphisms from H onto their range. For V € (C§°(R?))2, BV vanishes for
r <t — R, whence if Je®BV approaches a solution e*5oY* of (5.5) as t — +o00, we must
have Y € Ha'. Similarly in the past. O

Direct wave operators. We can also define direct wave operators that to data for the
simplified dynamics associate data for the full equation. In our case, all the work has been
done for the inverse wave operators so the direct wave operators may appear as a redundant
feature. In most scattering constructions however, they are the natural first step of the
construction of the scattering theory and the existence of the inverse wave operators is
the main difficulty : this is because in most cases the complete dynamics does not satisfy
a strong Huygens principle and the simplified and complete dynamics usually operate on
functions spaces that are more directly comparable than our spaces H and Hy (the norm
in Hy completely loses control over the angular derivatives).

Definition 5.1. We define the direct wave operators as the inverse of the inverse wave
operators, i.e. their adjoints :

W= W+ =W**: Fy - H,

WE =s— lim e B g*eitho for data in Cg° .
t—+oo

Proposition 5.2. We have the intertwining relations
W*By = BW*, ByW* = W*B.

Proofs. The definition requires some proof : we need to check that (W*)~! = (W*)* and
is indeed given by the limit above. We write the proof for W™, it is similar for W~. First,
W is an isometry from H to FOJr equipped with the Hyp norm. Hence for V € H,

(V, Vg =WV, WiV g, = (W) *W*V, V)g.

So by the polarization identity, (W™)* is a left inverse of W (in fact this property is
equivalent to W being a partial isometry). Since W+ is an isomorphism from H to Fj',
it has only one left-inverse which is its inverse. Now since W™ is defined as a strong limit
of operators, its adjoint is given by the strong limit of the adjoints and the definition is
therefore valid. It remains to establish the intertwining relations. This is the object of
exercise 5.3. 0
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e Scattering operator. It is the operator that to the past scattering data associates the
future scattering data and thus summarizes the full evolution of the field :

S=Wtw-.

It is an isometry from F; to Fj .

5.2 The Lax-Phillips approach

5.2.1 Finite dimensional case : translation representation

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

where A is an n X n hermitian matrix A with n distinct eigenvalues o1, ..., 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

V(o) == (V,e).

The vector AV is then simply represented as the function Uf/(a), i.e. the action of A is rep-
resented as the multiplication by the spectral parameter o. Similarly, the unitary group 4 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 5.2. Of course for it all to make sense, the Fourier transform must be understood on
S'(R) or on a discrete L? space over the spectrum of A.

5.2.2 The wave equation : spectral representation

Consider the wave equation on Minkowski spacetime in its Hamiltonian form (3.8). Recall that
the operator A is self-adjoint on H = H'(R3) x L*(R3), completion of C3°(R3) x C§°(R?) in the
norm )

012 =5 [ (Vo + fua) s,

the factor % being there for later convenience. Look at the eigenvalues of A, i.e. o € R such that
AU =oU :

Uo = toup,
Aul = iJUQ N (5.11)
= —0'2’LL1 .

Lemma 5.2. The system (5.11) has no solution in H, i.e. the point-spectrum of A is empty.
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Proof. Taking the Fourier transform of (5.11) gives
(0 — EP)in =

Hence supp(a1) C {|¢| = |o|}. The same is therefore true of the support of Vul, i.e. the support
of Vul is negligeable and since Vul is an element of L?(R3), it follows that Vul = 0, which
in turn implies that u; is constant. Now using the fact that u; € H'(R®), which means not
only that Vu; € L?(R3) but also that there exists a sequence of smooth compactly supported
functions whose gradient converges to that of u; in L?(R?), we get that u; = 0. We also have
ug = 0 by the first equation. O

However (5.11) has solutions in &'(R?) : we see that for each o € R, we have a whole 2-sphere
of solutions which are the plane waves

—i0T.W
e

Cow(T) = ( i miom > , weS?.

At this point it is not yet clear that we have enough solutions to generate them all. Let us
hope so for the moment and proceed exactly as in the finite dimensional case : consider U €
G5 (R%) x C(RY),

1

1
U(o,w) = B} (271')3 <U eaw>
1 1 — — 3
= 3 2y (Vu1Ve Tw 4 ygige= 0T w)d
11 _ .
= 2 (27-(-)3 ( 1(—A€ wa:.w) + ugice wa:.w)d T
= ; E 1)3 / (02w — ioug)e*“d3s
7r
= %(a%n(—aw) — oty (—ow)).

We now have a result which proves that we have found enough tempered distribution solutions
of (5.11) to generate them all.

Proposition 5.3. 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 S2).

Proof. We put for f € C°(R3) x C§°(R3),
f(a, w) = UQfl(—aw) — iafg(—aw) .

Let us show that f — f is a linear continuous map from C3°(R3) x C§°(R?) to L?(R, x S2) for
the norms |[|.[[3 and ||.||z2(r, xs2)- For f € C5° (R3) x C3°(R?), we have

1F(0,0)[2 = 6 fi(—ow) 2 + 0| fa(—ow)|? + i0® fir (—ow) fa(—ow) — i0® 1 (—ow) fa(—ow) .
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When changing the signs of o and w, the last two terms change sign and therefore their integral
over R, x S2 vanishes. Whence,

_ 1 . .
1P 1aoest) = 5 [, (o%1Fl=ow) + lfa(-ow) ) o*dod = 171
« 4 Jrxs?

It follows that f — f extends as a linear continuous map from H to L%(R x S2) and that map
is one-to-one and has closed range. We therefore only need to prove that its range is dense in
order to prove that it is an isometry. Let F € C*°(R x S2), let us find f € H such that F = f.
We must have

1

Fo,w) = §(a2f1(—aw) - iafg(—aw)) ,
Foo,~) = 3(0*fi(~ow) +iof(-ow)

and therefore

F(o,w)+ F(—0,—w)

fl(_gw) - o2 € CSO(R3) )
. F — F(—g. —
folcow) = L@ - (£0.79) ¢ cooqm?).
This concludes the proof. ]

This provides a spectral representation of A and its propagator :

AU = oU, etAU = e[ .

5.2.3 The wave equation : translation representation

Just as in the finite dimensional case, we take the Fourier transform in . Denote by

RU(?",W) = ]:U(U('vw))(r) :

Then ‘
R U (r,w) = (RU)(r — t,w). (5.12)

This representation is of course also an isometry from # onto L?(R x S?).

5.2.4 Link with the Radon transform and asymptotic profiles

Definition 5.2. Let f € C{)X’(R?’), we define its Radon transform as the function of s € R and
weS?:

Rftsw)= [ flaidola).
i.e. Rf(s,w) is the average of f on the plane with normal w containing the point sw.

Proposition 5.4. The Radon transform has the following properties :
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1. If suppf C B(0,7) then supp(Rf) C [-r,7] x S? ;

Rf € C*(R x S?) ;

Rf(s,w) = Rf(=s,—w) ;

R(0y f)(s,0) = w0s(Rf)(s,w), whence RAf = 9Z(Rf) ;

Gvod o e

if g € CS°(R x S?), then

(Rf,9)12®xs2) = (f, B"9) 2(r3) 3

R* is the formal adjoint of R given by

R*¢(z) = . P(z.w, w)d®w.

The definition and proposition above allow us to express the translation representation in
a simple manner in terms of the Radon transform as well as to find an explicit formula for its
inverse.

Theorem 5.2. The translation representation has the following simple expression in terms of
the Radon transform :

RU = %(—(‘ﬁRul + 05 Ruz)(s,w) .
Moreover, for k € CS°(R x S?), the map
T : CP(R x S?) = C®(R3) x C*°(R?Y),
(Th)(z) = <217TR*k,—217rR*05k> , (5.13)
extends as an isometry from L?(R x S2) onto H which is the inverse of R, i.e.

RI — IdL2(R><SQ) 5 IR — Id’H .

Remark 5.3. Given a solution ¢ of the wave equation, formula (5.13) gives in particular ¢(0, x)
in terms of the translation representer k of ¢ :

1

0(0,z) = o /32 k(z.w,w)d?w,

and using the property (5.12), we get
ot.a) =5 [ ks~ t)c?
x)=— rw—tw)dw
7 27.(_ SQ 7 )

which is exactly Whittaker’s formula (3.7).

This can be used to establish the asymptotic profile property.
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Theorem 5.3 (Asymptotic profiles). Assuming that the data ¢g, ¢1 are smooth and compactly

supported", denoting
k(s,w) =RU(s,w),
we have
k(s,w) =— lim rowp(r, (r+ s)w). (5.14)

r—-+00

Proof. Since k is compactly supported, there exists R > 0 such that suppk C [ R, R] x S2.
We have

ot.a) = 5= [ Kag =t O

2

and since k is C! and compactly supported, we can differentiate under the integral

oot ) = —5- [ Ok(ag — 1O

In particular, we have

o0t (1 +5)) = —g= [ OR(E+ g — 1.0
= —2i (Osk)((t + 5)(w.¢ — 1) + 5,¢)d*C.
™ )52

We now split the 2-sphere into a neighbourhood of the direction w that becomes small as ¢
becomes large,

R+ 5]
Vist = S21—w(<
Rst {CE ) wC_|t+S’}7

and its complement :

1

Dol (t+s)w) = —5- | (Ok)((t+5)(w-C— 1) +5,Q)d*C
_2i (k) ((t+ 5)(w.C — 1) +5,0)d*C .
TIVE,

When we are on the complement of Vi,

R+ |s|
It + s|

<l-w(=1-w(,

SO
R<|t+s|l —wc|— s <|(t+$) (-1 +w.C) + s/,

and we see that
((t+ s)w.C —t,() ¢ suppk.

In fact we merely need to assume that the data ¢o and ¢, are such that the corresponding asymptotic profile is
C' and compactly supported. Note that if the data are compactly supported, then so are the asymptotic profiles,
but the converse is not true. The reason for this will appear very clearly in the conformal picture of scattering
theory.
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This implies that the second integral is zero. Whence

1

or

(Dsk)((t + 5)(w.C — 1) +5,¢)d%C.

VRst

Org(t, (t + s)w) =

We have localized the problem around the direction w. We now add and substract a term where
the dependence in ( is frozen

oo(t, (t + s)w) = —% g [(Osk)((t+ 8)(w.¢ = 1) 4 5,¢) = (Dsk) ((t + s)(w.C — 1) + s,w)] d*C
72L (Dsk)((t + 5)(w.C — 1) + s,w)d>C.
T JVRst

Using the fact that the area of Vg is bounded by a constant times 1/t for ¢ large enough, the
first term can be estimated by a constant times

1ﬁm1MgﬁjK@@«ﬁHNMC—U+&C%W@MKPHMMC—D+&wH

which, since k is C!, is of the form e(t)/t, where £(¢) tends to zero as t — +o0. We now do an
explicit calculation for the second term which we denote I. We use spherical coordinates (6, ¢)
based on the direction w :

d%¢ = sin0dfdy = dpdyp putting p = w.C = cosf.

We have
1 27‘(’
[ = -1 / (D) (£ + 8)(w.C — 1) + s,w)dpdep
27T 0 0S1_p§1|_1:;‘35|‘
we put T = |t + s|(1 — p)
1 1
= 97— Osk(—sgn(t + s)T7 + s,w)dr
2 |t + | Jo<r<rys (Foanlt ) )
1 / 1
- — ——————0; [k(—sgn(t + s)7 + s,w)]dr
T+ 5] Jocrensy st T s) [k(—sgn(t + s) )]
1
= —— (k(—sgn(t+ s)(R+|s]) + s,w) — k(s,w)) .
t+ s
Since
| —sgn(t +s)(R+|[s]) +s] > R,
then
B(—sgn(t + $)(R + |s|) + s,) = 0.
It follows

QB(L, (¢t + 5)w) = %e(t) _ %k‘(s,w)

which proves the theorem. ]
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5.3 Conformal shortcuts

In this section, we shall see that using a geometrical method called conformal compactification,
due to Roger Penrose (for a complete description, see [22| and [23] Vol. 2), we can recover on
flat spacetime all the structure of scattering theory as well as precise decay properties. Before we
describe the conformal compactification of Minkowski spacetime, we present a classic example
of conformal compactification, well-known from undergraduate geometry courses but not always
presented from the point of view of metric rescaling : the stereographic projection.

5.3.1 A classic example of conformal compactification

Consider the stereographic projection from the North pole of the unit 2-sphere to its equatorial
plane. The formula relating in the points on the sphere in spherical coordinates (6, ¢) to those
on the plane in polar coordinates (r,v) are

v =¢, 0§ =2arctan(1/r).

Let us write the enclidean metric on the 2-sphere in terms of the variables r and v :

eg2 = df* + sin?Ady?
2
-1 1 i
= <27“21_i_12> d7”2—|—81n29d¢g
T
4 472 2tan(t/2)
= ——dr’+ ———dy? ing the identity sint = ——5"——
TEREE r +(1+7‘2)2 1¥*, using the identity sin T+ tan2(t/2)
4
= Ty Q)er2+r2dzp2
r
4
T 422

where eg2 is the euclidean metric on R2. So we see that by multiplying the euclidean metric on
R? by 92, where
0-_2_
1472’

we turn it into the euclidean metric on S?. The thus rescaled metric is defined only away from
the North pole, but it can be extended analytically to the whole 2-sphere. This is the conformal
compactification of R?, which is the “metric” version of the usual Alexandroff compactification.
It is called conformal because, since the metric is merely multiplied by a positive function, the
angles, as measured using the metric, are unchanged.

Can we perform a compactification of a spacetime by rescaling its metric, just as we did with
the euclidean metric on R??

5.3.2 Conformal compactification of Minkowski spacetime

The contents of this section, and much more, can be found in [22]. The Minkowski metric in
spherical coordinates is expressed as

n=dt® —dr? — r?dw?, dw? = d#? +sin?6dy?.
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We choose the advanced and retarded coordinates
u=t—r,v=t+r. (5.15)
The metric 7 in terms of these new coordinates takes the form

Y
(1)4U)dw2‘

We now introduce new null coordinates that allow us to describe the whole of Minkowski space

as a bounded domain :

n = dudv —

p = arctanu, ¢ = arctanv . (5.16)

We obtain )

n=(1 +u2)(1 +U2)dpdq — (1}—4

Finally coming back to time and space coordinates as follows,

T =p+ q = arctan(t — r) + arctan(t +r) , (5.17)
¢ =q—p=arctan(t + r) — arctan(t — r), ’

we get

1 2 1 2 o 2
:( +U)( +v)(d72—d<2)—(v U) dw2.
4 4
Choosing the conformal factor

4 4
0% = = = (2 2 5.18
AT )07~ (I tan?p) (i ftanlq) ~ 2oospeosa)”, (5.18)

we obtain the rescaled metric

2
t T 92,7 = dr oA (1 +(Z2)(11L)+ v2)dwz
= — d¢? — ((tan g — tan p) cos p cos q) dw?
= ng (singcosp — sinp cos q) dw?
= dT - dC (sin(q — )) dw?
= ~ (sin¢)*d
= dr?— 053 ,

where 0?33 is the euclidian metric on the 3-sphere. Minkowski space is now described as the
diamond

M= {|r|+¢<m, (>0, we S?}.
The metric ¢ is the Einstein metric, it extends analytically to the whole Einstein cylinder & =
R, x S3 . The full conformal boundary of Minkowski space can be defined in this framework.
It is descrlbed as

OM={|r|+¢=m, (>0,we S?}.

Several parts can be distinguished.
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e Future and past null infinities :
It = {(r, ¢, w4+ (=7, (€0,7[, we S},
ST = {(77Caw)§C—T:W,CE]O,W[,wESQ}.

Proposition 5.5. The hypersurfaces 9% are smooth null hypersurfaces for ¢ (hence the
terminology “null infinities”). Their null generators are respectively the vector fields

0 — O for T and 0. + O for I~ .

Proof. They are clearly smooth hypersurfaces since ¢ is analytic up to .#* and does not
degenerate there : its determinent

det (¢) = —sin® ¢ sin? 0

does not vanish on .#* (except for the usual coordinate singularity unavoidable when
working with spherical coordinates). Now the vector fields 0, — J; and 0; + 0, are null and
tangent respectively to # 1 and .# . They are orthogonal to the two other generators of
J* 9y and d,. They are therefore normal to #* and .#~ respectively. This proves the
proposition. ]

e Future and past timelike infinities :
ii:{(T::l:W, (=0, w); wESQ} :
They are smooth points for e (2-spheres whose area is zero because they correspond to
¢ =0).
e Spacelike infinity :
ioz{(T:O, (=7, w); wESQ} )

It is also a smooth point for e.

The scalar curvature of e can be calculated easily :

1
6Sealezﬂ—i”DnQ:L (5.19)

5.3.3 Consequences of conformal invariance

In the case of Minkowski spacetime, we see that ¢ € D' (R?) satisfies (3.1) if and only if ¢ := Q~1¢
(€ defined by (5.18)) satisfies
Ob+6=0, (5.20)
where
O = 0% — Ags .
On the Einstein cylinder, the Cauchy problem for (5.20) can be solved in any Sobolev space on
S3. In particular, for data @|i—o, Or¢li—o € C®(S?), the associated solution of (5.20) is smooth

on the whole Einstein cylinder.
Hence,
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Theorem 5.4. Assume that the data ¢g, ¢1 for the Cauchy problem for (3.1) are such that the
corresponding data for the rescaled field
1402
2

(1+1r2)?
4

o b0, 1 = ¢1,

extend as smooth functions on S3. Then the rescaled solution @ = Q¢ extends as a smooth
function on M.

5.3.4 Local decay

From theorem 5.4, we see that for suitable data, we can infer the rate of fall-off of the solution
in all directions (timelike and null) :

Proposition 5.6. Under the hypotheses of theorem 5./, the solution ¢ of (3.1) associated to the
data ¢o, ¢1 at t = 0 satisfies the following properties.

1. Decay along null directions. There exist smooth functions q@i € C®°(R x S?) such that

1 .
: _ _ +
Tgrfwr¢(t_r+uaraw> - m¢ (U,W),
1 .
lim ro(t=—-r+v,rw)= o (v,w).

r——400 v/ 1 —|—U2

The functions * are simply the traces ofqg on ST ; the two functions in the right hand
side of the limits above are referred to as the future and past asymptotic profiles of ¢.

2. Decay along timelike directions. There exist two constants C* such that

. 2 _ +
tl&rinoot o(t,r,w) =207

These constants are simply C* = gZ)(zi) (recall that i* are points on the Einstein cylinder,
not 2-spheres).

In other words, the physical solution ¢ decays like 1/r along radial null geodesics
and like 1/t? along the integral lines of 0.

Proof. It is the object of exercise 5.5. O
Proposition 5.6 is valid for solutions ¢ of the wave equation on Minkowski spacetime such that

qg = 714 extends as a smooth function on &. Implicit in this hypothesis are some requirements
on the fall-off of initial data for ¢.

Proposition 5.7. The smoothness of QASO and gﬁl on S3 entails that there exist two constants
Cy, C1 such that
lim 72¢(0,r,w) = 2Cy,

r—+00
lim r10;6(0,7,w) = 4C .

T—+00

The constants Cy and Cy are the respective values of q?)o and q?)l at i (which, like it is a point
on &).
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Proof. The first limit is a straightforward consequence of the regularity of 45 on € and its
relation to ¢. As for the second limit, we have

or ¢

at¢>=(atﬂ)<z3+sz aT¢+Q a<¢
and
0 g 0m 20
875 t=0 — ) 8t t=0_1+r2) at t=0 — )

which, noting that 7 =0 < ¢t =0, gives
4 4 .
0 = = ———01.
t¢\t:o (1+ )2 T¢|T 0 (1+T2)2¢1

This proves the proposition. ]

5.3.5 A first glance at peeling properties

What happens to the fall-off rate along null geodesics if instead of ¢ we consider (9; + 9,)¢ and
(0y — 0r)¢? We proceed similalry, working with coordinates (u,v,w) and (7,(,w) :

or ¢

(O +0r)p = 0pp = (BQ)<Z>+Q 8¢+Q 8<¢

We have

2 5.0 — —2v
Vi re) T ey PR

or 1 o 1

v 1+02 v 1+02°

So along an outgoing null geodesic, where we have v ~ 2r, 9,¢ falls-off like 1/72.
As for Oy¢ :

0 0
(04— 916 = 006 = (0.0 + 05T 006 + 95008,
We have
—2u
uQ = )
9 (1 + u2)3/2(1 + v2)1/2
or 1 oc 1

o 1+u’ du  1+ud

So along an outgoing null geodesic, 0,¢ ~ 1/r.

This is one aspect of the peeling. Another way of describing it is that (;AS has a Taylor expansion
in v near £ at any order, this gives an asymptotic expansion for ¢ at any order along outgoing
null geodesics.
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5.3.6 Scattering
The ingredients of scattering theory in the conformal picture

We have seen in the Lax-Phillips approach to scattering theory, more particularly in equation
(5.14), that the scattering data can be understood as the limit along outgoing radial null geodesics
of the time derivative of the solution multiplied by r ; these are the traces on #* of @ On
the compactified picture, it seems much more natural to consider the traces (;Bi of ¢. They are
another description of the asymptotic behaviour of the solution, referred to as Friedlander’s
radiation fields, and we shall construct our conformal version of scattering theory using these
scattering data instead of the Lax-Phillips asymptotic profiles. We shall see however that the
knowledge of one is equivalent to that of the other.

Energy estimates

We consider the stress energy tensor for equation (5.20)
Tt = iy = Qa0 — yeare 0 + 5% (5.21)
and contract it with the Killing vector field 0,. This yields the conservation law
ve (KbTab) = 0. (5.22)
The energy 3-form KoT,,d3zb = K aTé’abJ dVol* has the expression
KTd32® = 4, Ve 1 dVol* + % (—wZ + |Vgst)]* + w) d- 1 dVol*. (5.23)

Integrating (5.23) on an oriented hypersurface S defines the energy flux across this surface,
denoted Eg(v)). For instance, denoting X, = {7} x S3 the level hypersurfaces of the function 7

ex(w) =3 [ (#+1Ts0l +0?) duss,

and parametrizing £ as 7 =7 — (,

Erew) = =5 [ (“2wec v+ Vi +02) dugs

b e, 1 .
= \/§/f+ <|¢T Yl +sm2g|VSW| +¢>dusg.

This is a natural H' norm of ¥ on .# T, involving only the tangential derivatives of ¢ along .# .

Now consider a smooth solution ¢ of (5.20). The conservation law (5.22) tells us that (5.23)
is closed, hence, integrating it on the closed hypersurface made of the union of Xy and #, we
obtain

Eg+ () = Ex, (V) (5.24)
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and since 9; is a Killing vector, for any k € N, 0¥ satisfies equation (5.20), whence

€5+ (080) = Ex,(070).
Using equation (5.20), for kK = 2p, p € N, we have
Exo(050) = 102913 x) + 11021012

= 11— Ags ¥l T (xp) + (1 = Ags)POrtb 72,
> [l a1 gy + 1079 20 ) » (5.25)

and for k=2p+1, p €N,
Exo(OFY) = 02 (30 x) + 1027729172

= JI(1 = Ago)PBtbl3pn(x) + (1 — Aga)P 1)1 2 )
~ |‘1,Z)H§_12p+2(xo) + ||877,[}”§_12p+1(xo) . (526)

Hence, we have for each k € N :
101201 ) + 1900 ) = Ex0(D50) = £ (50) = 050020

and using the fact that the H* norm controls all the lower Sobolev norms, this gives us the
apparently stronger equivalence

k
:0

Interpretation as a complete scattering theory

The energy equality (5.24) entails the following result.

Proposition 5.8. The trace operators

i? (QZBO’ le) ’—>Q§‘ji,

are well defined from (C*®(Xg))? to C°(F ). They extend uniquely as bounded operators (still
denoted TF) from H'(Xq) x L*(Xo) to H'(.#7F), that are one-to-one and with closed range.

Moreover the trace operators are in fact surjective onto H'(.#7T). This is a consequence
of a general theorem that has been used for some time by different people and under different
forms. A clear form of this theorem for the wave equation can be found in a short paper by L.
Hoérmander from 1990 [12], it is given under a slightly different form in this course (see theorem
7.3) : the well-posedness of the Goursat problem (which is established in all its generality in
section 7.1). Hence :

Theorem 5.5. The trace operators T+ are isometries from H'(Xo) x L?(Xo) onto H'(.#7%).
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This is all we need to construct a scattering operator. The trace operators play the role of
inverse wave operators, they associate asymptotic profiles (also referred to as scattering data),
in a sense fairly close to that in the Lax-Phillips theory, to solutions of the full equation. The
scattering operator summarizes the complete evolution of the field by associating to the past
asymptotic profile the future asymptotic profile. The definition is therefore natural.

Definition 5.3 (Scattering operator). The scattering operator in this conformal scattering theory
s given by
S :=THT")" .

Recovering the structures of analytic scattering theories

This scattering theory, although it has been constructed in a geometrical way, retains some
important analytic properties of the scattering constructions performed using the Lax-Phillips
approach or Cook’s method.

The wave operators can easily be interpreted as providing the comparison between two dy-
namics, the simplified dynamics being given by the flow of radial null geodesics. Even the
identifying operator has a role to play : the simplified dynamics will associate to the asymptotic
profile a function that is not well-defined on each level hypersurface of ¢, because of the rays fo-
calizing inside the spacetime. This is solved easily using a smooth cut-off inside a fixed compact
in space (in the physical spacetime) and allows to interpret the inverse trace operators as direct
wave operators defined exactly as in the section on Cook’s method.

Provided we use a different compactification, namely the partial compactification used in the
case of the Schwarzschild metric in section 6.1.5, we see that the radiation fields are another type
of translation representer for the solution. Indeed, in this compactification, the vector field 9,
remains Killing and extends smoothly to null infinity as the null generator of .#. Taking as data
the solution at time ¢ instead of 0 means pulling to the full solution by a time —t along the flow of
0¢. This modifies the radiation fields (considered in the variables used for this compactification)
by a translation of —¢ along .# (more precisely by pulling it of —¢ along the flow of the null
generator of .#).

The translation representer is a feature associated with a timelike Killing vector that extends
to #. It will be present if we construct a (conformal) scattering theory on Schwarzschild’s
spacetime. On time-dependent geometries however, we will lose this property. The interpretation
of the trace operators as wave operators defined by comparing with a simplified dynamics will
remain though, and the simplified dynamics will still be given as the flow of a congruence of null
geodesics near .#.

5.4 Exercises

Exercise 5.1. The inequality (5.1) being valid for all smooth compactly supported functions,
prove that it extends to all elements of H'(R).

Exercise 5.2. Show that the identifying operator J defined in (5.6) is bounded and calculate its
norm.
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Exercise 5.3. The object of this exercise is to prove the intertwining relations given in proposi-
tion 5.2.

1. Show that for any t € R, we have

eitBowzl: — W:IzeitB )

2. Infer from this the intertwining relations.

Exercise 5.4. We study the Cauchy problem with data set at 7 = 0 for equation (5.20) on the
Einstein cylinder.

1. Prove that the Cauchy problem is well-posed on H'(S3) x L?(S3).
2. Prove that it is well-posed on H?**1(S3) x H?**(S3) for all k € N.

3. Prove that it is well-posed on H*1(S%) x H*(S3) for all k € N (this question can be treated
independently of the previous one).

Exercise 5.5. Prove proposition 5.0.



66

Scattering theory



Chapter 6

The Schwarzschild metric,
asymptotically simple spacetimes

The Schwarzschild metric is an exact solution of the Einstein vacuum equations. It was discovered
by Karl Schwarzschild in 1917 and is the first non trivial solution to appear historically. What
people found worrying at the time was the fact that the metric was singular not only at the
origin but worse, on a sphere of positive radius. The solution was quickly dismissed as physically
irrelevent because of this singularity. Eddington was the first to realize that the sphere was
not a singularity of the metric but merely a coordinate singularity. He found a coordinate
system which allowed him to give the correct interpretation of the physical meaning of the
sphere. Finkelstein subsequently rediscovered this coordinate system in 1958, hence the name
of Eddington-Finkelstein coordinates. After Oppenheimer and Snyder proposed a model for the
collapse of a star where it appeared that the phenomenon could go well beyond white dwarfs
and create a singularity, people suddenly remembered Schwarzschild’s solution and the study of
what John Wheeler would call black holes a few years later really started. Kruskal and Szekeres
completed the picture and built the maximal analytic extension on the Schwarzschild metric.

The Schwarzschild spacetime is a reference model for all asymptotically flat universes con-
taining energy /matter. The metric describing any such universe, when restricted to the leaves
of a foliation by asymptotically flat spacelike hypersurfaces, is generically a short-range pertur-
bation (i.e. a perturbation in 1/r2, r being for example the geodesic distance to a given point
on the slice) at infinity of the Schwarzschild metric.

Asymptotically simple spacetimes are an attempt, due to Roger Penrose, at defining generic
cosmological models of asymptotically flat spacetimes. A special class of asymptotically simple
spacetimes, which will be of particular interest to us, coincindes with Schwarzschild’s spacetime
in a neighbourhood of infinity.

67



68 The Schwarzschild metric, asymptotically simple spacetimes

6.1 The Schwarzschild metric

The Schwarzschild metric is expressed (in a coordinate system (t, r,w) referred to as Schwarzschild
coordinates), on R;x]0, +oc[-x S as

g=F(r)dt? — F(r)~tdr? — r?dw?, dw? = d6? +sin?0d%p, F(r)=1-— g ) (6.1)
where m is the mass of the black hole and dw? is the euclidian metric on the 2-sphere. Expressed
in the form (6.1), this metric appears to have two singularities corresponding to r = 2M and
r = 0. The sphere {r = 2M}, referred to as the event horizon, is merely a coordinate singularity,
the metric can be extended analytically through it, while the origin {r = 0} which is a true
curvature singularity. The horizon separates the space-time in two domains :

e the exterior of the black hole {r > 2M} is a static domain where 9/0t is timelike and 9/9r
spacelike ;

e the interior of the black hole {r < 2M}, is a dynamic region where 0/0t is spacelike, 0/0r
timelike, so r should be thought of as a time variable inside the black hole, it is therefore
oriented ; the usual understanding of a black hole says that things can fall into it but not
come out of it ; this would correspond to the inertial frames in the interior being dragged
towards the singularity at {r = 0}, i.e. —9/0r being future oriented, but one may just as
well consider the reverse time orientation which would correspond to a white hole ; nothing
at this point indicates that one orientation is preferable to the other.

The two domains are globally hyperbolic. The surfaces
{t}x]2M, +oo[><S§#,
are Cauchy hypersurfaces for the exterior and
Ry x {r} x 53750

are Cauchy hypersurfaces for the interior.
The shape of the lightcones outside and inside the black-hole is well described by the position
of the null vectors

9 9
i 4 F(r)=.
VEi= gt Fg,

The vectors V™ and V~ get closer to each other as one approaches the horizon from the inside
or the outside. The situation is however very different on either side of the horizon : outside the
black hole, the light cones get narrower as one approaches the horizon, whereas inside they get
wider (see figure 6.1). Schwarzschild’s spacetime is asymptotically flat. This can be seen in the
fact that as r — +o00, the metric g approaches the Minkowski metric in spherical coordinates. It
is also apparent in the property that the curvature tends to zero as r — 400 (see next paragraph).
Note that asymptotically flat means asymptotically flat in space, certainly not in time, we have a
curved spacetime that is static, therefore the curvature does not die out as time tends to infinity.
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=2M

=
=
[
]

Figure 6.1: Profile of the light cones outside and inside the black-hole in the (t,7)-plane. The
vectors V* = 9, + F9, correspond to the upper parts of the cones.

6.1.1 Connection and curvature

In the Schwarzschild coordinates (¢, 7,60, ), the non zero Christoffel symbols of the Levi-Civita
connection are

o _ M Tl :M(r—2M) ! :_L
S 7 R = R R Py Vs
I‘%Q:—(r—2M),F§3:—(r—2M)sin29,

1
2, =T%, = p I'2, = —sinfcosf, I's; = coth,

and the non-zero components of the Riemann tensor

M(r—2M) 2M M(r—2M)

.2
Roion = — sin” 6, Fozoz = —5-, Rosos = —

7“2 7“2 ’
M .
R1212 = r— oM Sln2 9, R1313 = —2Mr Sln2 9,
M
Ro3o3 = TV

If, instead of the Schwarzschild coordinate basis, we evaluate the components of the Riemann
tensor with respect to an orthonormal basis with vectors proportional to the coordinate basis
vectors, namely (adopting Chandrasekhar’s notations for frame indices between brackets)

ey 10 19 wy _ 1 0
6(0) a_ﬁatve(

a _ 8 a
2 8[1—\/1?5, ‘@ Ba—;%, @) %= rsinf dp’

e find oM M
Rip10 = — R332 = gk R3131 = Ri212 = R3030 = —R2020 = g
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and we see that the curvature, expressed in this frame, blows up at {r = 0} but not at the
horizon.

Remark 6.1. Of course, if we express the components of the Riemann tensor with respect to
the Schwarzschild coordinate basis, its components will be singular at v = 0 but also at r = 2M,
as can readily be seen from the expression of the metric. This does not mean anything since the
basis is not orthonormal. Orthonormality however is not enough to guarantee that the explosion
of the coefficients of the curvature tensor corresponds to a real explosion of the curvature and
not a singularity on the basis ; a basis could be singular by having an angular momentum that
becomes infinite locally.

A more usual way of seeing whether the curvature is singular is to calculate the curvature
scalar which is an intrinsic quantity and is defined as follows :

gaegbfgCigdeabcdRefij — RabcdRade .
It is easily calculated in the orthonormal frame above using the symmetries of the Riemann
tensor :

The Ricci tensor of the Schwarzschild metric is zero, Schwarzschild’s spacetime is a solution
of the Einstein vacuum equations. Of course, the scalar curvature vanishes also.

6.1.2 Symmetries, Killing vectors

Schwarzschild’s spacetime has a four-dimensional space of global Killing vector fields, generated
by
Oy, sinpdy + cot O cos 90, , cospdy — cot Osinpd, , I, ,

which are the timelike (outside the black hole) Killing vector field 0; already mentionned above
and the three generators of the rotation group. In other words, the symmetry group of Schwarz-
schild’s spacetime is R x SO(3).

6.1.3 The exterior of the black hole

We first consider the Schwarzschild geometry from the point of view of an observer static with
respect to infinity. Such observers only see the exterior of the black hole and their perception of
space-time is described by the time function ¢ of the Schwarzschild coordinates outside the black
hole. To their eyes, light rays falling into the black hole slow down infinitely as they approach
the horizon and never cross it. One way of seeing this is to calculate the radial null geodesics.

Indeed, the fastest way of falling into the black hole, since the spacetime is spherically sym-
metric (i.e. in particular without rotation), is to go towards it radially and at the speed of light.
Let us first evaluate the radial null directions. A radial vector at a given point (¢,r,6, ) is of
the form

V= a@t + Bﬁr .
For it to be null, « and 8 must satisfy

F_F
o
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since

g(V,V)=a*F - gB?°F~1,

So the two future oriented! radial null directions at a given point outside the black hole are those
of the vectors
VE =0, £ FO,.

The apparent radial speed of these vectors for an observer static at infinity and measured using
the variable r is £F(r), it is £1 at infinity and slows down continuously to zero as one considers
points closer and closer to the black hole horizon. Moreover, their integral curves are geodesics :

Proposition 6.1. The radial null vectors V* satisfy
2M
V\/wL‘/r+ - —ZVJF, Vvai —7‘/7 .
T

Proof. Let us check this property for V*. Dropping the “+” superscript for simplicity, using
the values of the Christoffel symbols given above, we have

VyV239, = VPVLV20,

VOVV20s + VIV V20,

Dt(V®)0a + T2, VP, + FO,(V®)Da + FT3, VPO,

= 0+THV10, + TV, + FO,.(VYo, + FTY,V 0, + FT{,V'0,
MF~! M 2 MF 1 MF—1

r2 r
2M
= —V.
r2
The calculation is absolutely similar for V'~ and left as an exercice. O

We note that the t,r-speed of radial light rays slows down as they approach the horizon.
The question is whether this slowing down is strong enough to make ¢ non-integrable along their
worldlines. The answer is clearly yes since

R R
dr rdr
— = ——— = +oo for any R > 2M .
on F(7) /2M7“—2M Y

This can be done in a more explicit way by introducing the Regge-Wheeler variable
T« =1+ 2MLog(r — 2M) (6.2)

which varies from —oo to +o00 as r varies from 2M to +oo. It satisfies

%:F—l

dr

and the metric g takes the form

= F (dt* — dr?) — r?dw?.

!Future-oriented provided we choose outside the black hole the time orientation given by ;.
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The radial null vectors take the expression
VE=0,4+0,,
and their integral lines parametrized by 7, are the straight lines
75%(7”*) ={(t,rs,w); w=wp, t=%r+C}, CER, wy € S2.

The horizon {r = 2M} (corresponding to r, — —00) is reached in infinite time ¢. A remarkable
consequence of this property is that if we choose for a covariant field equation (Dirac, Maxwell,
or the wave equation for instance) some initial data at time ¢ = 0 whose support is contained
in {r > 2M + €}, € > 0, then the support of the solution will only reach the horizon when ¢
becomes infinite.

The intuitive description of a black hole tells us that the more we approach the horizon from
the exterior, the harder it becomes to escape the attraction, until at the horizon, even a photon
cannot escape anymore. But it is easier and easier to go towards the black hole. In terms of
light-cones, this seems to indicate a picture where the lightcones are tilted towards the horizon
and become tangent to the horizon as we reach it. When representing the lightcones in the
Schwarzschild coordinates however, this does not appear to be correct after all. How do we solve
this canondron? We will see that the intuitive picture has some degree of realism when we build
the maximal analytic extension of the Schwarzschild spacetime, which gives the correct picture
of the horizon.

An important consequence of this remark is that the interior of the black hole and the
exterior should not be considered as co-existing simultaneously for the time ¢, in other words,
a t = constant slice for r €]0,+oo[ has no physical meaning whatsoever. Such hypersurfaces
will be represented and put in their proper perspective once we have constructed the maximal
extension of Schwarzschild’s spacetime.

The spacelike geometry of the exterior of the black hole

The exterior of the black hole is globally hyperbolic. We consider the foliation by Cauchy
hypersurfaces induced by the time function ¢, i.e. the slices are

¥y = {t} x]2M, 400, xS2, t € R,
with the induced Riemannian metric
h = F~tdr? 4+ r?dw?. (6.3)
The 3+1 decomposition of the geometry is given by (calling M the exterior of the black hole) :

N2
M=R; x %, ¥ =]2M, +oo[,x 52, g:thQ—h:Tdﬁ—h (6.4)

with the lapse function N = v/2F'/2. The exterior of the black hole is static : % is a Killing
vector field (since g does not depend on t), is timelike outside the black hole and is everywhere
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orthogonal to the Cauchy hypersurfaces ;. The time orientation is chosen by deciding that %
is future pointing and the normalized vector field T is then
a _ —1/2 9 _ 20
1790, = V2 F ™ = Na

We consider a generic spacelike slice (3, h). The metric h appears singular at r = 2M.
This is merely due to the choice of coordinates ; introducing as the new radial variable wu(r)
the h-distance to the horizon, we show that (X,h) is a smooth manifold and that the horizon
H={2M}, x Sg#) is a smooth boundary.

Given p = (r,w) € X, the h-distance from p to the horizon is given by

w(r) = —1/2 s)ds = ﬁ S. .
) /[QM,T}F (s)d /[QMW] = (6.5)

This distance is finite and H thus appears as the boundary of (X, h). Since

du
L2
dr ’
the metric h can be written as
h = du? + r?dw? (6.6)

and

¥ =0, +-00[, xS .
The function u(r) is continuous and strictly increasing from [2M, +oo[ onto [0, +o00], it is C*° on
|2M, 400] but it is not differentiable at 2M. However, the inverse function satisfies

Lemma 6.1. The function u — r(u) is C* on [0,+o00[ and all its derivatives are uniformly
bounded on [0,4+o00[. In particular, the first derivative S—Z = F1/2 (and therefore also the lapse
function) is uniformly bounded as well as all its derivatives on [0, +0o0l.

Proof of lemma 6.1 : the first and second derivatives FY/2 and M /r? are continuous on

[0, +-00[, whence 7 is C? on [0, +00,. If r is C¥ on [0, +00],, then so is the second derivative and
the lemma is thus proved by induction. O

This entails that h is smooth on ¥ = [0,4+00[,xS? ; (£,h) is a smooth manifold with
boundary. Moreover

Theorem 6.1. The metric h is uniformly equivalent to the euclician metric on the exterior of
the unit ball in R3
du? + (1 + u)?dw?.

Proof. We see that

14+u 1
— 2M
" —>2Masr—> ,

1
+u—>1asr—>+oosinceF(r)—>1

r

and moreover (1 + wu)/r is continuous on [2M, 400, hence, there exists C' > 0 such that
1+u
r

1
C< <6for2M§r<+oo.

This proves the theorem. ]
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Bending of light-rays : the photon sphere

We consider an extreme example of bending of light rays by gravity in the schwarzschild ge-
ometry : the photon sphere, which is a sphere of trapped geodesics around the black hole.
Let us consider in the equatorial plane a null vector that is purely rotational, i.e. of the form
V = a0 + b0, for example, we can take

/ 2M
V:Tat+ 1—78¢

The integral curves of this vector field are circles in the equator (helices if we consider the time as
well as space variables) whose tangent vectors are null. What is the acceleration of such curves?
This is the following simple calculation :

VvV = VoV, vtg, = (Vavavb n r'chC) B
= (V'aVP + V30,V + VOTE Ve + VIR Ve) 8,
= (v'rhve+vVirhve) o,
= 7 (T V' + TV ;)

[ 2M
=== (T35V20, + T3,V + I'3,V?9,,)

2M
= TI%OVOBT + 1-— TF})’?,V?’&,

= <r2%(r —2M) + <1 — 21”) (—r) <1 - 21”)) Or

- (1 = 2M> (3M — 1), .

r

As could be expected, the acceleration is purely radial. It points towards the black hole if
r > 3M, away from the black hole if r < 3M and it is zero if r = 3M. This means that the
integral curves of V for r = 3M are geodesics : there are some “photon trajectories” orbiting the
black hole at » = 3M. This is a very strong effect of light bending which requires a black hole
or a very dense body of radius lower than three times its mass.

6.1.4 Maximal extension

After having adopted, in the previous section, the point of view of an observer static with
respect to infinity, and thus limited our study to the exterior of the black hole foliated using
Schwarzschild’s time coordinate, we describe here briefly the global geometry of Schwarzschild’s
space-time. We define the Eddington-Finkelstein and the Kruskal-Szekeres coordinates inside
and outside the black hole. These will allow us to show that the horizon is not a singularity
of the metric. The maximal analytic extension of Schwarzschild’s space-time will then appear
naturally. Most of the material of this section is standard, it can be found under various forms
in [3], [11] and [17] for example.
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Eddington-Finkelstein coordinates

There are two types of Eddington-Finkelstein coordinates respectively referred to as advanced
and retarded, or, more to the point, incoming and outgoing. They are based on the incoming
(resp. outgoing) radial null geodesics.

The incoming Eddington-Finkelstein coordinates are

v=t+r.,r0 o,

where r, = r + 2M log(r — 2M) is the Regge-Wheeler coordinate. The Schwarzschild metric, in
these coordinates, reads

2M
g= <1 - > dv? — 2dvdr — r?dw?. (6.7)
r
This is fine outside the black hole but not inside where the expression of r, is no longer valid. If

we define 7, inside the black hole as
r« =1+ 2M log(2M —r), (6.8)

s varies from —oo to 2M log(2M) as r varies from 2M to 0. We keep the definition v = ¢ + 7,
inside the black hole and we obtain the same expression (6.7) of the metric g. This is analytic
on R, x]0, +00[xS2 and does not degenerate anywhere (apart from the usual problem due to
spherical coordinates) as we can see from the determinent of g :

det g = —r*sin?4.

The whole of Schwarzschild’s spacetime is represented by the incoming Eddington-Finkelstein
coordinates and we can wonder how to interpret the spacetime, and more particularly the horizon,
physically.

A v =constant curve is a curve

(t = —re+ v, rs,w = wp),

with vg and wy fixed ; i.e. this is an integral curve of the vector field V~ = d; — 9,., in other
words, a null geodesic. Outside the black hole, this is clearly the incoming radial null geodesic
Yoowo- 1f We parametrize this curve by 7, then it is an analytic curve in all positive values of
r, in particular we see that the incoming null geodesic v, ., outside the black hole extends
analytically inside the black hole as the same v = vg. As we follow the geodesic from infinity
inwards, we move towards the future and r decreases (with r, decreasing from +o0o to —oo as
r decreases from +o0o to 2M), the geodesic then crosses the horizon {r = 2M} and keeps going
towards the singularity at the origin (r, increasing from —oo to 2M log(2M) as r decreases from
2M to 0). The interior of the black hole is thus understood as lying in the future of the exterior.
The correct time orientation of the interior of the black hole, consistent with that given by 0
outside the black hole, would appear to be given by —0,..

The horizon is seen as the hypersurface R, x {2M}, x S2 and separates the exterior from
the interior. Moreover, the horizon appears as a null hypersurface. Indeed, the metric does not
degenerate there, but its restriction to the horizon is the 2-metric

—(2M)%dw?,
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whereas the horizon is a 3-surface. This means that one of the tangent vectors to the horizon is
null. At each point of the hypersurface {r = 2M}, the space of tangent vectors is spanned by
Oy, Op and O,. The “squared norm” of 9, for the metric g is given by

9 0N _(,_2M
INovow)~ r )

So 0, is null for r = 2M. The correct picture of Schwarzschild’s spacetime in incoming Eddington-
Finkelstein coordinates is given by (FIGURE IncomEF) and we see that once inside the black
hole, we cannot come back out of it.
We now perform a similar construction based on the outgoing Eddington-Finkelstein coordi-
nates :
u=t—rr0,p,

and the Schwarzschild metric in these coordinates takes the expression
2M
g= (1 - > du? + 2dudr — r?dw?. (6.9)
r

Similarly to the incoming case, this is analytic on R,x]0,400[,xS2 and does not degenerate
anywhere. The whole of Schwarzschild’s spacetime is again represented, but the physical picture
is different. Following an outgoing radial null geodesic (a u =constant line) towards the future,
we emerge from the singularity at r = 0, cross the interior of the “black hole”, the horizon, emerge
from the “black hole” and go towards infinity. The black hole does not appear to be so black
in this case since light rays emerge from it. The horizon is again a null hypersurface but this
time it cannot be crossed from the exterior to the interior. This is a very different description
of Schwarzschild’s spacetime corresponding not to a black hole, but to a white hole (see figure
OutgoEF). The time orientation of the interior consistent with the one given by 9; outside the
black hole would now seem to correspond to J,.

What we have constructed using the incoming and the outgoing Eddington-Finkelstein co-
ordinates are similar objects but with the opposite time orientation. We shall see in the next
section that the two descriptions are both present in the most complete picture of Schwarzschild’s
spacetime : the maximal analytic extension of it, also know as the Kruskal manifold.

Kruskal-Szekeres coordinates

Outside the black hole, Kruskal Szekeres coordinates (T, X, w), w denoting the angular variables
of the Schwarzschild coordinate system, are defined by

1 e g ¢ Lt 1 ey ¢ Lt
T = §e4M (e41w —e 4M) , X = §e4M (64M +e 4M) , (6.10)

where 7, is the Regge-Wheeler variable outside the black hole given by (6.2)
T« =1+ 2MLog(r — 2M) .

This coordinate system maps the exterior of the black hole R; x]2M, +o0[, x.S? onto the quadrant
{X > |T|} of Ry x Rx x S2. The horizon now appears as the hypersurface {(T, X,w); T =
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X >0, w e S%}. The outgoing (resp. incoming) radial null geodesics, represented in (¢, r,,w)
coordinates as the straight lines {(¢,r. =t + s,w); t € R} (resp. {(t,7« = —t + s,w); t € R})
for fixed s € R and w € S?, are described in Kruskal-Szekeres coordinates as the straight lines
{(T, X =T+ S,w)} (resp. {(T, X =—-T+ S,w)}) for fixed S and w.

Inside the black hole, the definition is very similar. We consider the Regge-Wheeler coordinate
adapted to this domain (given by (6.8))

r« =1+ 2MLog|r — 2M| = r + 2MLog(2M —r),

the expression of the variables T" and X in terms of ¢t and r, is then given by

1 re /¢ t 1 re /¢ t
T = §e4M (e M -|-e4M) , X = §e4M (@ M —641\/1) . (6.11)

The interior of the black hole R;x]0,2M[, xS2 is mapped onto the domain {(T, X,w) € R x R x
S?; |X| < T < VX2 +2M} and the singularity at r = 0 is represented as the product of S?
with the hyperbola in the (T, X)-plane : {(T,X); T? — X?=2M, T > 0}.

The expression of the metric in Kruskal-Szekeres coordinates is the same inside and outside

the black hole )
16M OM\ 0 o

This can be simplified using the fact that

X% —T? = (r —2M)eznt (6.12)
and we obtain 2
1 r
g= g e M (dT2 - dX2) — r?dw? (6.13)
r

where 7 is determined implicitely in terms of 7' and X by (6.12). The function (r — 2M)ezx
is analytic in r and strictly increasing from ]0, +oo[ onto | — 2M, 4o0[. It follows that r is an
analytic function of X2 —T72, and therefore of (T, X), on —2M < X? —T? < +00. An immediate
consequence is the analyticity of the metric g on the whole Schwarzschild manifold, described in
(T, X,w) coordinates as {(T, X,w) ERxRxS%; T+ X >0, T < X2 +2M} (the singularity
at r = 0 is not considered as a subset of the Schwarzschild manifold).

This construction is another way of showing that the metric g is not singular at the horizon
of the black hole ; the expression (6.13) of g and the description of the horizon in (T, X,w)
coordinates reveal it to be a smooth null hypersurface of Schwarzschild’s space-time. This can
be seen as an alternative to the construction we performed earlier with the incoming Eddington-
Finkelstein coordinates. This has an advantage over the previous construction however, it can
now be extended into the “maximal Schwarzschild spacetime”.

Maximal Schwarzschild space-time

As we have seen above, the metric (6.13) can be extended analytically on the region

M =T, X,w) eRxRx S2; X2 —T%> -2M} .
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We obtain a new space-time (MX, g) called the Kruskal extension, or maximal analytic extension,
of Schwarzschild’s space-time. It contains four blocks separated by a bifurcate horizon {|T| =
|X|} (see figure 6.2) :

I = {(T\X,w), X >|T|, we $*},

m o= {(T,X,w), [X|<T<V2M+X?, wes},
I = {(T.X,w), X < —|T|, we S?},

V= {T.Xw), —1X|>T>-V2M+ X2, we s}

Blocks I and IIT are exteriors (corresponding to r > 2M) and the blocks IT and IV are interiors
(corresponding to 0 < r < 2M). The realization of the Schwarzschild manifold that we con-
structed using the incoming (resp. outgoing) Eddington-Finkelstein coordinates is the union of
blocks I and II (resp. I and IV) with the part of the horizon between them.

The union of blocks III and IV with the part of the horizon between them is also a realization
of the Schwarzschild manifold ; it is isometric to the union of blocks I and II with the adequate
part of the horizon with the time orientation reversed. More explicitely, blocks III and IV
are the image of the Schwarzschild space-time, described in Schwarzschild coordinates, by the
transformations (6.10) and (6.11) with the signs of 7" and X reversed.

The space-time (MX, g) is best pictured by a Penrose diagram, which can be constructed by
defining the new coordinates (which are not smooth and only of practical use to get a picture of
the general structure of M*, not for any calculation) :

; <T—|—X) " <T—X)
o = arctan | ——— | —arctan | — | ,
V2M vV2M

5 . (T+X>+ . (T—X>
= arctan | —— arctan | ——— | .
V2M V2M

This diagram will make more sense very soon after we have constructed the complete boundary
(except for a few “points”) ; this is done in the next section. Note that (MK, g) is globally
hyperbolic, the hypersurface {7 = 0} is a Cauchy hypersurface.

6.1.5 Conformal compactification

Schwarzschild’s spacetime contains mass. This is apparent in the asymptotic behaviour of the
metric : some terms are proportional to the mass M of the black hole and fall off in 1/r at
infinity. These terms prevent the construction of a complete regular compactification similar to
what can be done with Minkowski spacetime. A partial compactification however is possible and
yields in the limit M — 0 a partial compactification of Minkowski spacetime where only .#* are
defined but neither 7% nor . This compactification is performued using the variables v =t —r,
and v = t + r,. The lines of constant (u,w), resp. (v,w), are outgoing, resp. incoming, radial
null geodesics. They are referred to as the principal null geodesics because their tangent vectors
are double roots of the Weyl tensor (see [23] for more details).
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Singularity (r = 0)

r=2M

r = constant < 2M

N

r= consta

r=2M

r = constant > 2M

‘ r=2M

Kﬁngularity (r=0) r = constant < 2M

t = constant

Figure 6.2: The maximal analytic extension of Schwarzschild’s space-time in Kruskal-Szekeres
coordinates : domains I and III correspond to r > 2M, domain II represents the interior of the
black hole and domain IV the interior of the white hole.

r = constant < 2M 4B - gingu.’ari{\f (r=0)

— t = constant

r = constant > 2M

r=2M
=—m/2
\ Sing?:mmy (r=0) r=constant <2M
1 = constant

Figure 6.3: The Penrose diagram of maximal Schwarzschild space-time
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In terms of variables u =t —r,, R = 1/r, § and ¢, the Schwarzschild metric g takes the form

2 1
2 2
g=(1-2MR)du” — RQdudR— R2dw .

Rescaling the metric with the conformal factor 2 = R = 1/r, we obtain

G =R’ =R?’(1-2MR)du? — 2dudR — dw?,

which extends as an analytic metric on the domain R, x [O, ﬁ [R X Sgeo' Similarly to the

Minkowski case, we can add a boundary to the exterior of the black hole : the hypersurface
R, x {0} x 5927@. A point (ug, 0,00, po) on the boundary is reached along the outgoing radial
null geodesic

Yuo,fo,00 (1) = (t =71+ 2MLog(r —2M) +ug, v, 6 =0y, ¢ = o)

1
= <U—UO7R—T,0—00,S0—(PO>

as 7 — +oo and there is a one to one correspondence between the points on the boundary and
the outgoing radial null geodesics. The hypersurface therefore represents future null infinity,
ST, for the Schwarzschild metric.

Using theorem 2.9 and the fact that the scalar curvature of the Schwarzschild metric is zero,
we can calculate the scalar curvature of the rescaled metric § = R%?g and we find

1
EScalg =2MR.

6.2 Asymptotically simple spacetimes

Asymptotically simple spacetimes were introduced by Roger Penrose (see for example [22]) as
generic models of asymptotically flat spacetimes. Here, the notion of asymptotic flatness is to be
understood in a stronger sense as in the case of Schwarzschild’s spacetime ; the curvature falls
off to zero at infinity in all directions : timelike, spacelike or null. There definition is formulated
in terms of condormal compactification and the “degree of flatness at infinity” is expressed in
terms of the regularity of the conformally rescaled metric at the conformal boundary. We shall
not worry about the quantitative fall-off of the curvature at infinity here and we therefore only
consider asymptotically simple spacetimes for which the metric is C* at the conformal boundary.

Definition 6.1. A spacetime (M, g) is said to be asymptotically simple if M is diffeomorphic
to R* and there exist a positive function @ on M and a smooth spacetime with boundary (M, §),
such that :

1. g =0%g on M, Q vanishes at the boundary of M but dSQ is nowhere zero there ;

2. M is the interior of M, the boundary of M is the union of two points i*, the past light-cone
of it (denoted .# T ) and the future light-cone of i~ (denoted %~ ) ;

3. every inextendible null geodesic acquires a future end-point on Z+ and a past end-point on
N2
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The place where I+ and I~ meet, i.e. spacelike infinity i°, is a in general a singularity of
the conformal structure, it is not part of the “compactified spacetime” M which is therefore not
compact.

Such spacetimes were initially considered by many people as rather empty idealizations of
“real” asymptotically flat spacetimes because it was not known whether the Einstein vacuum
equations admitted any asymptotically simple solutions. Recently, the works of Chrusciel-Delay,
Corvino-Schoen and Klainerman-Nicolo [4, 5, 13| established the existence of a large class of such
Einstein spacetimes. They are generically time-dependent, which prevents the use of standard
analytic methods for the construction of a scattering theory.

As already mentionned, the Schwarzschild metric is a model for asymptotically flat space-
times containing energy/matter in the following sense : at first order, any such spacetime differs
at infinity from the flat one by a Schwarzschild-type contribution that falls-off like 1/r, r be-
ing, say, the spacelike geodesic distance from a given timelike curve for a choice of spacelike
asymptotically flat slicing. The spacetimes constructed by Klainerman and Nicolo in [13] are
asymptotic to the Schwarzschild metric on each slice in this sense. Such structures are delicate
to manipulate analytically because all conservation laws fail and are replaced by “approximate
conservation laws” that, essentially, work in the same manner, but require some care and painful
calculations. The spacetimes of Corvino/Schoen-Chrusciel/Delay are simplified versions of the
Klainerman-Nicolo universes in that they are exactly diffeomorphic to the Schwarzschild metric
in a neighbourhood of spacelike infinity (in the simplest case, other versions are diffeomorphic
to rotating metrics near i°). This means that near spacelike infinity at least, we have the lux-
ury of the symmetries of the Schwarzschild metric which grants us access to exact conservation
laws. This makes the conformal scattering construction more clearcut and avoids cumbersome
estimates.

In the next chapter, we shall work with asymptotically simple spacetimes that are diffeomor-
phic to the Schwarzschild spacetime in a neighbourhood of °.

6.3 Exercises

Exercise 6.1. Domain of influence
Let us consider for 2M < ri < re < 400, —00 < t] <ty < +00, 0 < 19 < 2M, the domains
defined in Schwarzschild coordinates by :

Dy :={(t,r,0,9), r1 <r <ry, t =0},
Dy := {(t,r,H,go), r=1ry, 01 <t<t2}.

1. Determine the domain of influence of D1 in the exterior of the back hole.

2. Determine the domain of influence of Dy in the maximal extension of Schwarzschild’s
spacetime.

3. Determine the domain of influence of Do in the interior of the black hole.

Exercise 6.2. Global hyperbolicity
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1. Find a Cauchy hypersurface in the exterior of the black hole.

2. Find a Cauchy hypersurface in the interior of the black hole.

3. Find a Cauchy hypersurface in the maximal extension of Schwarzschild’s spacetime.
Exercise 6.3. Free fall into the black hole

1. Find all radial geodesics outside a Schwarzschild black hole.

2. Give a graphic interpretation of the fact that an object in free fall directly towards the black
hole appears to a distant observer as becoming ever flatter as it approaches the horizon.



Chapter 7

The wave equation on asymptotically
simple spacetimes

7.1 Lars Hormander’s solution of the generalized Cauchy prob-
lem

As we have seen already in the simple example of Minkowski spacetime, a crucial ingredient of
a conformal scattering theory is the resolution of the characteristic Cauchy problem, or Goursat
problem, with data set on null infinity. Several methods are available that provide solutions to
a Goursat problem for a wide class of hyperbolic equations. A classic approach is to find an
integral formula for the solution using a Green function, i.e. a two-point function G(p,q) such
that, when the operator is applied to G in the variable p, it gives the Dirac distribution at the
point ¢q. Another no less classic approach uses energy estimates : it has been formulated very
neatly by Lars Hormander in a short paper in 1990 [12]. This section presents an equivalent
form of his results under a more geometrical form.

The geometrical framework chosen by Hormander is as follows. Let X be a smooth globally
hyperbolic (n + 1)-dimensional spacetime, n > 1, that is spatially compact'. Then we have
a smooth time function ¢ on X whose level hypersurfaces are Cauchy hypersurfaces and are
diffeomorphic to a fixed n-dimensional manifold X (without boundary). Using a global timelike
vector field, we can therefore realize X as R x X. With this identification, the level-hypersurfaces
of t are simply X; = {t} x X. We do this identification using the gradient of ¢. Since it is
orthogonal to the level hypersurfaces of ¢, we can perform an orthogonal decomposition of the
metric g into parts along Vt and along the level hypersurfaces of t. We have

g=N?dt> —h (7.1)

where h is a smooth time-dependent Riemannian metric on X and N is the lapse-function,
defined by
1

N=———.
g(Vt,Vt)

'Meaning that each closed spacelike hypersurface is compact.

83
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On X, we consider a perturbed wave equation of the form
Ugu+u+ Liu=0 (7.2)
where L, is a general first order differential operator
L =0b'Vy+c (7.3)

where the vector field b, and scalar field ¢ are assumed to be C® on X. The hypersurface
on which the initial data are specified can be a spacelike Cauchy hypersurface for a standard
Cauchy problem, a light cone for a characteristic Cauchy problem (Goursat problem), or anything
in between. It is defined as follows

Y={(px),x); € X}, p : X — R, (7.4)

where ¢ is simply assumed to be Lipschitz on X, to allow for singularities such as the vertex of
a light cone, and “weakly spacelike”, by which we mean

gab(go(a:), 2)Va(t — () Vp(t — p(z)) > 0 almost everywhere on X . (7.5)

Condition (7.5) has a meaning, since Lipschitz functions are differentiable almost everywhere,
and it simply says that 3 is allowed to be locally spacelike or null but not timelike, i.e. its
normal vector field is required to be causal where it is defined. If ¥ is uniformly spacelike, we are
studying a standard Cauchy problem, with the slight difference that the hypersurface on which
we set the data is not very regular. If ¥ is (almost) everywhere null, we are looking at a Goursat
problem. Hérmander’s approach is to study both problems and anything in between at the same
time by allowing the hypersurface ¥ to be locally spacelike or null.

The well-posedness of the Cauchy problem (set on X for example) for equation (7.2) is classic
in many function spaces. We give an idea of the arguments involved to get well-posedness for
finite energy data. They are similar to one of the approaches we used in the flat case. The key
result is the following theorem, which we admit ; it is a consequence of an even more general
result due to Leray [15].

Theorem 7.1. On a globally hyperbolic spacetime (M, g), consider a Cauchy hypersurface %
and a timelike, future-oriented vector field 7. For data ¢, $1 € C°(X), the equation

Oy + Lo =10,

where L is a smooth first order differential operator, has a unique smooth solution on M such
that

dlx. = ¢ and V. d|s, = ¢1 .

Then, all we need, for solving both the Cauchy problem and the Goursat problem, is energy
estimates. To obtain these, we need to construct an energy current. We consider the stress-energy
tensor for the Klein-Gordon equation

Dg¢+¢:0
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given by
1 1
Ty = VadVo6 = 5(V0, Ve)ggas + 56" Gar

It satisfies, for ¢ a solution of (7.2),
VT = (Hgd + )V = —L19Vo . (7.6)

We define the energy current associated with the vector field 7 = Vt/(g(Vt, Vt))"/? (which is
the unit vector field along the direction of Vt)

JU = Tar0.
This current is of course not conserved but it satisfies an “approximate conservation law”
V% =TV — LoV, 6. (7.7)

The following energy estimate is straightforward, its proof is the object of Exercise 7.2 : for any
T > 0, there exists a constant C' > 0 such that,

Ex,(¢) < Ex, ()1 vt, s € [-T,T], (7.8)

where

Ex,(¢) = /X s Joda® .

This and Theorem 7.1 imply the well-posedness of the Cauchy problem for finite energy data.
This can be stated a little more precisely. Note that the regularity of the metric and the time
function imply that the norms
Il x) = VEx,()

are equivalent for any two values of ¢, this equivalence being locally uniform in time. The same is
true for the L?(X;) norms induced on each X; by the metric g. We define as the H' and L? norms
on X the H'(Xy) and L?(X() norms, the spaces H'(X) and L?(X) being the completions of
CS°(X) in these norms (which are the same as the completions in any other H'(X;) and L?(X3)
norms). Then we have

Theorem 7.2. For any (¢o, ¢1) € HY(X) x L?(X), there exists a unique solution of (7.2)
¢ € C(Ry; HY(X))NCH(Ry; L*(X))

such that
élx, = ¢o and V.| x, = ¢1.

Proof. See Exercise 7.3. O
We denote by £ the space of finite energy solutions of (7.2), i.e. the set of solutions of (7.2)
in C(R;; HY(X))NCHRy; L*(X)). Note that this space can be canonically identified with
H'(X) x L?(X) by taking the initial data for each solution. Using the energy on X of a solution
¢, we also define a function space on X. It will be our natural space of data for the Cauchy
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problem on 3. Let ¢ be a solution of (7.2) in &, recall from proposition ?? that the energy flux
of ¢ across X is given by

Ex(9) :/E*Jadxa:/ETGTabe(LJdVOl),

where v is a future-oriented normal vector field to ¥ and L a future-oriented transverse vector
field to ¥ such that g(L,v) = 1. Note that the measure L.dVol will be uniformly equivalent to
the measure py lifted from the measure induced by g on Xy via the parametrization (7.4) of X.
In our case, we have an explicit choice of v given by

v =V(t— ().

At points where Vi = 0, we have v = Vt and we can take L = N2Vt. We obtain the usual
energy density on the X; slices. At points where V¢ # 0, things will be different. If the vector
v remains spacelike, the energy density will still be equivalent to that on the slices Xy, it v
becomes null however, the equivalence will be lost. Let us see this in more detail. At a point
where Vi # 0, we choose an orthonormal frame as follows :

eo =T, e1=(Vp)/(g(Vp, V)2, ea, es,

and we put

1
l=—(eo+e1), n=

(eo —e1)

—(ep —e1).

The vectors [ and n are null and v is null if and only if ¢(Vt, Vt) + g(Vp, ¢) = 0 since Vt and
V¢ are g-orthogonal. We can decompose the gradient of ¢ along the basis {l,n, e, e3}

Vo = (Vad)l + (Vi)gn — (Ve,d)ea — (Veyd)es
and we have
9(V$, V) = 2(Vud) (Vi) + (Ve 8)* = (Vs ) .
We then use this to express T, 7?0 :

1
Tur" = STw(*+n")(g(VE, V)21 + 1) = |9(Ve, Vo) |21 = n")

= (VY02 — |g(Vip, Vi) ) Tua (1 + )i
506 V)2 + |9V, V) A Top(1° + ).
We develop each term as follows :
T+ = Vag9i6— 5(V6, Vo), + 56 + (Vio)
= (Vi) + (Ves) + (V) + 67):
1

Tu(1® +n) = S((Va)* + (Ver0)* + (Vesd) + 67).
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So we see that the energy on ¢ has the following form

1
Be@) = [ (7050 < (T T (w10
1
+3(0(VE, V)2 + 19V, Vo) ['/2) (Vn)?
1
+ 0V T (Tesd? + (V) + 7)) Lol (79)
At points where v is null, we have g(Vt, Vt)'/2 — |g(Vy, V)|'/? = 0 ; we lose the information
of the derivative along [, i.e. the derivative transverse to X, and we keep only information on
derivatives along n, es and es, i.e. tangent to X.

Considering ¢ and V¢ as independent functions, the energy (7.9) induces a semi-norm on
the pairs (¢, V. ¢) that are restrictions to ¥ of smooth functions on X. We denote this semi-
norm by ||(¢, V-¢)|s.. It only fails to be a norm at points where ¥ is null, by losing control
over V:¢. We denote by & the completion of restrictions to X of pairs of smooth functions
on X in the semi-norm ||(., .)||es. If ¥ is null (almost) everywhere, & is simply a natural H'

space on Y, it really is a space of real valued functions, not pairs of them. In the general case,
we introduce the density measure on X

dg = (9" (@), ) Valt = (@) Vs(t = () ) dns;
which is uniformly equivalent to
(9(VE. V)72 — |g(Vep, Vo) [?)dus

is positive where Y is spacelike and vanishes where 3 is null. The space £ can be understood
as follows
Ex ~ H'(X) & L*(S;dvl).

and the associated L? space L*(X;dv).
The main result of [12] is the following :

Theorem 7.3. (Hormander, 1990) The map

TE I 52
¢ — (¢|2 ) VTd)\E) ’

which is well defined for smooth solutions, extends as an isomorphism. In particular, there exists
a constant C > 0 such that, for any ¢ € £, we have

ITsélle, < CUIdli=ollE(xy) + IVrdl=oll72(xy))

(7.10)

and
2
18le=0l1%r1 (o) + I Vrli=oll72(xy) < C Ty 8llg,,
or equivalently (we might have to take a larger C > 0)

Ex(¢) < CExy)(9) (7.11)
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and

Exy)(¢) < CEx(9). (7.12)

Proof. The structure of the proof is divided in two main steps. First we establish energy
estimates both ways for smooth solutions of the equation (7.2), these are exactly estimates (7.11)
and (7.12). This will entail that the trace operator T, extends as a bounded linear operator from
£ into HY(X) @ L*(%; dl/g), that is one-to-one and with closed range. Then we shall construct
solutions to the Cauchy problem on ¥ for “smooth” data. This will entail the density of the
range of Ty, in H'(X) @ L?(3;dv?) and prove the theorem.

Step 1 : energy estimates.

Step 2 : solutions for smooth data.

7.2 Friedlander’s radiation fields

They are the generalization to curved spacetimes of the scattering data qgi in the Minkwoski
case. Friedlander introduced and used them on static spacetimes with a strong enough decay
at infinity to ensure a smooth .. Such a class of spacetimes, although it was the natural thing
to consider as a non flat framework in which to extend the Lax-Phillips theory using conformal
geometry, is unphysical in that it contains no solution of the Einstein cacuum equations apart
from Minkowski spacetime. The notion of radiation fields however survives in all asymptotically
simple spacetimes, and even in the much larger class of spacetimes admitting a smooth .#, even
though the most analytically explicit aspects of the Lax-Phillips scattering theory cannot be
recovered in such general cases (in particular the translation representer).

7.3 The conformal scattering construction

7.4 FExercises

Exercise 7.1. This exercise is centered on the weakly spacelike condition (7.5) for the hypersur-
face ¥ in Hérmander’s approach to the Cauchy problem. We consider the hypersurface 33 defined
by (7.4) and we assume that the function ¢ is smooth.

1. Prove that X is everywhere spacelike if and only if
9°(p(),2)Va(t — ¢(2))Vi(t — () > 0 ¥z € X .
2. Prove that ¥ is null at a point (¢(z),x) if and only if
9"(p(), 2)Va(t — ¢(2)) Vi (t — p()) = 0.

Exercise 7.2. Prove estimate (7.8).

Exercise 7.3. Using theorem 7.1 and (7.8), prove theorem 7.2.
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