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The characteristic Cauchy problem for Dirac fields on
curved backgrounds

Dietrich HAFNER! & Jean-Philippe NICOLAS?

Abstract

On arbitrary spacetimes, we study the characteristic Cauchy problem for Dirac fields on a
light-cone. We prove the existence and uniqueness of solutions in the future of the light-cone
inside a geodesically convex neighbourhood of the vertex. This is done for data in L? and
we give an explicit definition of the space of data on the light-cone producing a solution in
H'. The method is based on energy estimates following L. Hérmander [9].

1 Introduction

The characteristic Cauchy problem, or Goursat problem, is a Cauchy problem for a hyperbolic
equation, with data set on a characteristic hypersurface. The well-posedness depends on the
geometry of the characteristic hypersurface. In the typical example of the scalar wave equation
on Ry x R3 | specifying data on the characteristic hyperplane t = 1 leads to non-unique solutions,
whereas for data on the light-cone of the origin {¢ = |z|}, the solution exists and is unique in
the future of the cone (but not in its past). In the best cases, the well-posedness will always
be on one side of the hypersurface, its future or its past, unless we work on a spatially compact
spacetime. A remarkable feature of the Goursat problem is that fewer data are necessary on
a characteristic hypersurface than on a spacelike slice, the remaining data can be recovered by
integration of the restriction of the equation to the null hypersurface.

For scalar wave equations on general globally hyperbolic curved spacetimes, the question of
existence and uniqueness is well understood. A whole chapter of F.G. Friedlander’s book [3] is
devoted to an integral formulation of the solution for data on a light-cone using techniques due to
Leray and Hadamard. Lars Hormander [9] has proved global well-posedness for spatially compact
spacetimes using a simple and natural method based on energy estimates. For spinorial zero
rest-mass field equations, an integral Kirchhoff-d’Adhémard formula was obtained by R. Penrose
in 1963 [12] (see also [13] Vol. 1, Section 5.11) for data on a light-cone. In the curved case,
Friedlander’s approach has not yet been applied to spinorial equations. However, Hormander’s
method was used recently by L.J. Mason and J.-P. Nicolas [10] to construct scattering theories
for Dirac and Maxwell fields via conformal methods, by J.-P. Nicolas [11] to extend Hérmander’s
result to metrics of weak regularity and by D. Héafner [8] to solve a Goursat problem for Dirac
fields on the Kerr metric, with data on a characteristic surface generated by two congruences of
outgoing and incoming null geodesics.
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The question of regularity of the solutions and its control in terms of the regularity of the
data is strikingly more difficult than for the ordinary Cauchy problem, particularly so when
the data is specified on a light-cone. This is simply due to the fact that the cone is a singular
hypersurface. Friedlander’s book gives a condition ensuring smooth solutions for scalar waves,
but to our knowledge, a precise study of intermediate regularities is to this day missing. This
work is a step in this direction.

We study the Goursat problem for the Dirac equation on a curved background, with data on
a future light-cone. We work locally in a geodesically convex neighbourhood of the vertex, we
therefore do not need to make any global hypothesis on our spacetime, such as global hyperbolic-
ity. We find the space of data on the cone for which the problem has a unique H' solution. Then
using density arguments, we infer a minimum regularity existence and uniqueness result. The
strategy of the proof is similar to that of Héafner [8] and uses the ideas developed by Hérmander
[9] for the wave equation. The case of the Dirac equation is quite different from the scalar
case, not only because it is a first order hyperbolic equation, but mostly because of its spinorial
nature. The control of the H! regularity by an adequate space of initial data requires to express
the complete Dirac field on the cone in terms of the null data. This is done by solving the
transport equations which are the restriction tangent to the cone of the full Dirac equation. The
data for these transport equations are at the vertex and depend on the direction along which
we integrate. A good understanding of this is obtained through the definition of a null tetrad,
based on a choice of null coordinates in the neighbourhood of the vertex. This null tetrad is
multi-valued at the vertex, but after blowing-up the tip of the cone, it is understood as a smooth
frame. The regularity of the data at the tip is then controlled in terms of direction-dependent
matching conditions at the blown-up vertex.

Notations. Many of our equations will be expressed using the two-component spinor no-
tations and abstract index formalism of R. Penrose and W. Rindler [13]. Abstract indices are
denoted by light face latin letters, capital for spinor indices and lower case for tensor indices.
Concrete indices defining components in reference to a basis are represented by bold face latin
letters. Concrete spinor indices, denoted by bold face capital latin letters, take their values in
{0,1} while concrete tensor indices, denoted by bold face lower case latin letters, take their
values in {0,1,2,3}. When working with a 3 + 1 decomposition of spacetime, we will use light
face greak letters for concrete spacelike indices, taking values in {1,2, 3}.

We will work with descriptions of the Dirac equation both in terms of Dirac spinors and
Weyl (or half) spinors. For a complete account of the relations between Weyl and Dirac spinors,
see [13] or [11].

2 Geometrical background

2.1 Global hyperbolicity and spin structure

In this work, we shall consider general Lorentzian manifolds and work locally in a geodesically
convex neighourhood of a point. Such domains are trivially globally hyperbolic. We recall here
the definition of global hyperbolicity and some of its important consequences in dimension 4,
particularly regarding spinors.

A globally hyperbolic spacetime is a pair (M, g) where (see Geroch [7] for more details) :

e M is a real 4-dimensional smooth oriented, time-oriented manifold ;

e g is a smooth metric on M of Lorentzian signature + — — — ;
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e there exists a global time function ¢ on M such that the level hypersurfaces 3, of ¢ are
Cauchy hypersurfaces.

The time function ¢ may be in addition assumed smooth (see Bernal-Sanchez [1]). Recall that
a smooth time function is a smooth scalar function ¢ on M such that V is a future-oriented
timelike vector field over M ; here V denotes the Levi-Civita connection on (M, g).

Global hyperbolicity has at least two important consequences in 4 dimensions. First, the
level hypersurfaces 3; of the time fonction ¢ are all diffeomorphic to a given smooth 3-surface
Y = Xy via the flow of the vector field V%. Second, M admits a spin-structure [5, 6, 14].
We denote by S4 and Sus the bundles of left and right spinors on M. These are 2-component
spinors, or Weyl spinors. The Weyl spinor bundles are endowed with symplectic forms €4p
and €4/p which are conjugates of one another. They are used to raise and lower spinor indices
(meaning that they provide isomorphisms between the spin-bundles S4 and SA" and their duals
Sa and S4/). The bundle of Dirac spinors is defined as

SDirac =S4 © SA, .
It is equipped with an SL(2,C) invariant inner product expressed as
(T, B):=ipax™ —iga7”, where U= ¢4 & x" and 2= pa@n? . (1)

The Clifford product by any real vector is self-adjoint for the inner product (1).
The tangent bundle to M and the metric can be recovered from the Weyl-spinor bundles
and the € symplectic forms :
TM®C=S"2S%,
(a rigorous abstract index notation should in fact be T°M @ C = S* @ §4', the vector index a
corresponding to the two spinor indices A and A’ clumped together), the real tangent bundle
consists of the hermitian part of $* @ §4" and

Yab = EABEA'B’ -

We can perform a 3 + 1 decomposition of the geometry based on the time function ¢. We
normalize the gradient of ¢ so that its square norm equals 2 (instead of a more usual 1, this is
for later convenience in the expression of the hermitian norm of spinors defined using this vector

field)
a ,__ 2 a
T =y lig(Vt,Vt)v t.

The metric g can then be decomposed as follows :

N2
g= 7olt2 — h(t)

where —h(t) is the metric induced by g on ¥; and the lapse function N is defined by

2
T,dz® = Ndt, or equivalently g(Vt, Vt) = N7
Note that this decomposition, and more particularly the choice of product structure M = Ry x X
associated with the integral curves of 7, fixes the meaning of the vector 9/0t as

0 N

ot 2
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Definition 2.1. The timelike vector T endows the bundle of Dirac spinors with a positive
definite hermitian product :

— b
S V2

In particular we denote

(T, =) (T, B) =T ¢apa + Taax ¥, U =gaex™, E=paon™. (2)
U] = (¥, ¥)"/2, (3)

Remark 2.1. Note that this definition can be naturally restricted to each of the bundles S 4 and

S and extended to S* and S .

2.2 Dirac’s equation, conserved quantity

We consider the charged Dirac equation associated with an electromagnetic vector-potential ®¢,
for a particle of mass m and charge ¢

(VA —iq@ W )oa = o @
(Vaa —iq@an)x® = —Zoa.
V2

This is an expression of Dirac’s equation in terms of Weyl spinors, it has the form of two charged
Weyl equations, one for helicity 1/2 and the other for helicity —1/2, coupled by the mass. It is
usual to understand Dirac’s equation as an equation on the Dirac spinor ¥ = ¢ AGBXAI. Contrary
to the more elementary spin-bundles S and SA,, the Dirac spinor bundle Sp;.q. is stable under
the action of the Clifford product by vectors and of the Dirac operator (see for example [11] or
[13] for a description of the relations between the Dirac operator acting on Weyl spinors and on
Dirac spinors)

) qA’ S A/ B 0 V2V g ur

Equation (4) has a conserved current given by the future-oriented causal vector (see [13])
Ja — (ZsA(EA/ + XAXAI .

For a given smooth spacelike or characteristic hypersurface S, the flux of J* through S is the
integral over S of the Hodge dual J,d3z® of the 1-form J,dz® :

Es = / Jud320, Jod3z® = % J,dx”. (5)
S
The flux (5) can be understood as
s = / JoVdos (6)
S

where V@ is orthogonal to S, dos = W_.dVol*, dVol* being the 4-volume measure associated
with the metric g and W a transverse vector field to S such that V,W* = 1. If § is spacelike we
can take V¢ = W% = p? the unit future oriented normal vector field to §. If § is characteristic,
the vector V¢ is a null vector field normal and tangent to S and we can chose W to be a null
vector field transverse to S, this provides the beginning of the construction of a Newman-Penrose
tetrad (see Section 2.3).
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The 3 + 1 decomposition of Dirac’s equation reads,
VrU(t) = -T Py, ¥V +kT.V —imT .V, (7)

where Py, is the Dirac operator on (¥4, h(t)), k = k(t) is the trace of the extrinsic curvature,

in other words the mean curvature, of the slice ¥, divided by v/2 (see [11]) and “7.” denotes
the Clifford product by the vector 7.

2.3 Newman-Penrose formalism

We will make an essential use in this work of the expression of equation (4) in the Newman-
Penrose formalism. This formalism is based on the choice of a null tetrad, i.e. a set of four vector
fields 1%, n®, m® and m®, the first two being real and future oriented, m® being the complex
conjugate of m®, such that all four vector fields are null and m? is orthogonal to [* and n?, that
is to say

18 =nn®*=mom® =1,m*=nm*=0. (8)

The tetrad is said to be normalized if in addition
lgn® =1, mym® = —1. (9)

To a given Newman-Penrose tetrad we can associate a spin-frame {o?, 14}, i.e. a local basis of
the spin-bundle S#, defined uniquely up to an overall sign factor by

’ ’ ’ ’
A=A la7 LAZA — na A-A a LA5A

00" = n®, o1 =m?, =m®, ogt =1. (10)

A spin-frame {04, 14} satisfying 0404 = 1 is called unitary.
Let ¢o and ¢ be the components of ¢4 in {04,:4}, and x¢ and 1 the components of y 4/
. 7A/ 7A/ .
in (0% ,7%):
do=dao”, d1=oat . xo=xa0", x1=xat".

The Dirac equation takes the form (see for example [2])
na(aa - Z‘q(IDa) ®o — ma(aa - iq(I)a) o1+ (,u - 7)(250 + (T - 6)¢1 = %Xl’ s

la(aa - Z‘q(I)a) (Zsl - ma(aa - Z‘q(I)a) (bO + (a - 7T)¢0 + (E - p)¢1 = _%XO’ )
B (11)

n%(0a — iq®a) xor = M*(0a — iq®a) x1r + (B — V)Xo + (T = B)xvr = J501,

1%(0a — iq®a) X171 = m*(0a — iq®a) xor + (@ — T)x0r + (€= P)x17 = =590 -

The p,y etc. are the spin coefficients which are decompositions of the connection coefficients
based on the vectors of the null tetrad, for instance, y = —m®n,, where 6 = m®V,. For the
formulae of the spin coefficients and details about the Newman-Penrose formalism see [13].

A Newman-Penrose tetrad (I,n,m,m) is said to be adapted to the foliation {¥;}; if it
satisfies {* +n® = 7. The advantage of a tetrad adapted to the foliation is that the expression
of the hermitian product on Dirac spinors becomes extremely simple. Let ¥ = ¢4 & XA, and
E=p4 77A,, denote the four components of ¥ in the spin-frame {0, .4} by

(\Illa \Ij27 \Ij37 \114) = (¢07 ¢17X0l7 Xll) = (¢07 ¢17X1’7 _XO’) > (12)
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then, since we have 7% = [® 4+ n% = o454 + A74,

(U7 = (017 + [ W] + W 4 Wy (13)
and with analogous notations for = :

(U,8) = U1 + UaZs + U355 + U5y

3 Geometrical framework

On M, we consider a point py and we work in a geodesically convex neighbourhood €2 of pg,
meaning an open subset  of M such that for any p,q € €, there exists a unique geodesic
containing both p and q.

3.1 Important sets and coordinate system

For a point p €  the future light-cone of p is defined as the set of points which are null separated
from p and in the future of p

Ct(p) := {q € Q; there exists a future-oriented null geodesic from p to ¢} U {p},
we denote by ZT(p) the future chronological set of p in Q
It (p):={q € Q,q+#p; there exists a future-oriented timelike geodesic from p to q}
and by J(p) the future causal set of p in
T (p) =T (p)uC*(p).

We define the analogous sets in the past in the natural way : C~(p), Z~(p) and J ~(p).

For the resolution of the Goursat problem, we work in a neighbourhood of the vertex of the
cone CT(pg) within J*(pg), which does not need to be small, it can be large if Q is itself large.
We define this neighbourhood in two steps : first we define a closed subset D of Q on which
we construct a coordinate system, then we use this coordinate system to define the domain in
which we shall solve the Goursat problem.

Definition 3.1. Let ¢ be a timelike geodesic passing through pg. We consider a point p1 on the
curve ¢ inside It (po) (i-e. strictly in the future of py). We define the domain D as

D:=J"(po) N T (p1)-
On D, we construct two foliations by light-cones which we use to define a coordinate system.

Definition 3.2. We define a time function t on (N T (py) as the metric length of ¢ between
po and the points on (N T (pg). We put T := t(p1)/2. For 0 <t < 2T, we denote

CE:=c*(ct)nD.
We define two null coordinates (also referred to as optical functions) u and v on D as follows :
o u:=t¢ onC;r for0<t<2T ;

e v:=tonC, for0<t<2T.



hal-00365912, version 1 - 4 Mar 2009

Then we choose a coordinate system (t,r,w) on D :
o t:=(u+v)/2;
o r:=(v—u)/2 (or equivalently u =t —r andv=t+r) ;

e w € S? is first defined on the 2-surface C*(po)NC™ (p1) via a choice of smooth parametriza-
tion by S?, then its definition is extended to the whole of D by imposing that it is constant
along the integral lines of Vu and Vuv.

Remark 3.1. Note that the coordinate t as we have defined it on D agrees with its initial
definition on (.

The coordinate system (¢, 7,w) has the following properties :

Proposition 3.1. The coordinate system (t,r,w) is smooth on D\(. The function t is a smooth
time function on D. Moreover the curve { is an integral curve of 0.

Proof. The first statement is obvious. To prove the smoothness of ¢ on D, it is sufficient
by smooth angular dependence to prove it on a well chosen 2-surface S inside D. We define
the surface S as follows. Consider a future oriented null geodesic 7y passing through py with
some affine parameter s. We parallel-transport the tangent vector to 7y at pg along the geodesic
(. We obtain at each point ((t), 0 < ¢t < 2T, a future oriented null vector and we consider
the associated null geodesic 7; passing through ((¢). The family of geodesics v, 0 < ¢t < 27T,
spans within D a smooth 2 surface S. When we rotate the direction of the initial null geodesic
7o along all the possible directions w (quotiented by the antipodal relation : w +— —w), the
resulting 2-surface will change smoothly and define a smooth foliation of D \ ¢ (thanks to the
geodesic convexity of D).

Now for a given geodesic 7, we work on the corresponding 2-surface S. First, note that for
any t €]0, 27, the intersection (C;r ucC, ) NS is the union of two smooth curves, one being ;.
We denote the other by ;. The geodesic ¢ splits S into two halves : a left and a right part. We
change the definitions of u and v as follows. On the right part, we keep u and v as they are and
on the left part, we exchange the roles of u and v. Then the u =t curves on § are the +’s and
the v = t curves are the 3;’s. The essential remark is that if now we put ¢ := u + v, this does
not change the definition of ¢, which shows immediately that ¢ is smooth on & and thus on D.

Moreover the gradient of ¢ is Vi = Vu + Vv which is the sum of two future oriented null
vectors on D\ (. It is therefore future oriented and timelike on D\ ¢ and thus on D by continuity.

The last property is obvious because ( is the curve r = 0, w = wy for any wg € S2. O

Definition 3.3. We denote by 3¢, 0 < t < 2T the level hypersurfaces of the function t in D.
We shall henceforth only work in the domain

Dr:=DN{0<t<T}.

Remark 3.2. From now on, all the sets we shall consider will be restricted to Dr. In
particular, we keep the same notations for the sets defined above, such as C;~ for instance, but
we now consider only the restriction of these sets to Drp.

In the next subsection, we define a local frame using the construction of our coordinate
system in D. Like the coordinate system, the local frame will be singular at the curve ¢ : more
precisely, the frame vectors will be smooth on Dy \ ¢ and have direction dependent limits on
(. These limits and their relations to one another will be fundamental for our constructions. A
natural way to deal with them is to blow up the curve ¢ as the cylinder [0,7]; x S2. We give
new notations for D and Car when ( is blown up as a cylinder :

7



hal-00365912, version 1 - 4 Mar 2009

Definition 3.4. We shall denote by D1 the domain Dr with ¢ blown up, i.e. Dp considered as
{(t,r,w); t€[0,T], re[0,1], we 5%

and € the cone Car considered as
0,277, x S2.

3.2 Newman-Penrose tetrad

We now construct on D7 a Newman-Penrose tetrad which is adapted to the foliation. The
vector 7%, future oriented, normal to the foliation {¥;}o<;<7 of Dr is given by

2
T, =/ ———=-Vt=NVt.
¢ g(Vt, Vi)
Definition 3.5. We define at each point of Dr \ { the vectors | and n of our Newman-Penrose

tetrad by
Vu N Vv N

=———=—Vu,n=———=—Vv
V29(Vt,Vt) 2 V29(Vt,Vt) 2
This defines | and n as smooth future null vector fields on Dp\(, I being tangent (and orthogonal)
to the cones C;” and n to the cones C; . A choice of | and n fives the vector m uniquely up to
a complex factor of modulus 1. We make a choice of m so that it is a smooth vector field on
Dp. The vectors m and m are by construction tangent to the 2-surfaces where both v and v
(equivalently both t and r) are constant, i.e. the intersections C;F NC, .
We then extend this Newman-Penrose tetrad as a smooth Newman-Penrose tetrad on O :
we define a Newman-Penrose tetrad at each point ((t) for each direction w by taking the limit
of (I,n,m,m) along the integral curve of Vu on C;” corresponding to the direction w.

Remark 3.3. It is important to note that by continuity, the tetrads defined on C are still adapted
to the foliation, i.e. they satisfy [* +n® =T,

It is useful to calculate explicitly the coordinate vector fields 0, and 0, :

Lemma 3.1.

0 N2 N
5w ~ VT
0 N2 N
v = 1Vl

Proof. By construction, the vectors 0, and J, are in the plane spanned by Vu and V.
They can therefore be decomposed along the vectors [ and n as follows :

Oy = g(Ou, )+ g(Ou, )L, Oy = g(O, l)n + g(y,n)l .
We perform the calculation explicitly for 0, :

au = g(atm l)TL + g(au7 n)l

N2
= (900w, V) Vv + g(9, Vo) V)
N2
= (Qu(0,)Vv +dv(0,)Vu)
2
= NTVU.

The calculation for 0, is similar. [l
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3.3 Structure at the tip of the cone viewed on €

At pg (just as at any other point of the timelike curve (), the Newman-Penrose tetrad which we
have defined is singular and multi-valued. We denote by 7o, the integral curve of Vu on CS'
corresponding to the direction w and by (I, n, my,, m,,) the Newman-Penrose tetrad (I, n, m,m)
at po corresponding to the direction w. Let {o2,:2} be the associated spin-frame. The vector
l, points in a direction corresponding to w and the vector n,, points along another direction on
52, This direction will be important when we express in terms of components the restriction of
the Dirac equation to the null curve 7.

Definition 3.6. We denote by w' the direction on S? corresponding to n., and call it the con-
jugate direction of w.

The directions w and w’ and their associated tetrads satisfy some important properties.
Lemma 3.2. Given any direction w € S? and ' its conjugate direction, we have :

o (W) =w;

e the relation between the null tetrads {l,, Ny, My, My} and {ly, Ny, My, My} is given by

lor =Ny Nyt =y, My = elﬁ(w)mw, My = e—z@(w)mw’

where O(w) € R/277Z is a function of w which is smooth on S* and such that

Proof. The property that (w") = w follows from
T%po) =13 +nd =1 +nl,. (14)

Indeed, any plane in the tangent space to pg contains at most two null directions. The plane
spanned by [ and n? contains exactly two which are precisely [¢ and n?. This plane also
contains 7%(py). Now by definition [, is colinear to n,, and n, = 7%(pg) — I is a null direction
in this plane which is distinct from that of [,,. Hence n,, must be colinear to l,. Using (14)
again, we get [, = n? and n?, = [¢. This implies that the spin-frame is transformed as

oy =, A = ot

where a, 3 € C and satisfy |a] = |3| = 1. Then,

a _ A-A" __ A AA _  A_a
My = 0yl = afL,0, = afmg,

where |a3| = 1. Putting ¥ = /3, the proof is complete. The other properties of @ follow by
construction. O
We can establish a similar relation for the spin-frame modulo an overall sign choice.

Lemma 3.3. Given any direction w € S? and W' its conjugate direction, the relation between
the dyads {0,123} and {0%,14} is given by (after a choice of overall sign)

w W w!r Yt

Of}, = z’ew(“)/sz, Lf}, = ie_w(“’)ﬂoﬁ.

For the conjugate spin-frames, we have consequently
. —i60 2-A" A - 10 2-A'
—ieT0W)/2pAT AT — _jei(@)/25A7

w w

_ A/
OA/ ==
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Proof. We continue from the proof of Lemma 3.2. We must have

l= 5ABO£IL5/ = 045€ABL£05 = —af
and since |a| = |B| = 1, we must have
1 _
f=——=—-a.
o
Therefore, e = a8 = —a2. Our choice of sign corresponds to a = ie?/2. O

This entails the following relations between the components of a Dirac spinor in the spin-

frames {0z, 11} and {07, 2} :

Corollary 3.1. Let U = ¢4 & x* be a Dirac spinor at py, denote by ¥;(w), i = 1,2,3,4 its
components in the spin-frame {02, 12}, defined by (12). We have

Uy(w') = ie W20 (w), Ug(w') = ie@20,(w),
Uy (W) = ie?@2Wy (W), Uy(w') = ie @2 05(w).

Remark 3.4. Applying this transformation twice leads to a global sign change of the components
of . This is a typical consequence of the fact that the bundle of unitary spinor dyads is a two-
fold covering of the bundle of normalized Newman-Penrose tetrads.

3.4 Some function spaces

We first define the space F of “smooth” characteristic data on Car . All other function spaces
on the cone will be defined as completions of F in a given norm. Of course spinor fields on
Car cannot be smooth since Car is not a smooth hypersurface ; the idea is to define a space of
characteristic data on Cg for equation (4) which are as smooth as the cone will allow. For this,
we pull smooth spinor fields on 7 back onto Car using the flow of J; and then we keep only the
part of the resulting spinors that is transverse to CSF . This can be made quite explicit with a
parametrization of Car based on Y.

Definition 3.7. Let f : Yp — CS' defined in our coordinate system as
flrow):=(t=rrw).
In other words, we identify points on CJ’ with points on X via the flow of the vector field 0.

This parametrization is a Lipschitz diffeomorphism from Y7 onto the cone Car and it is a
Co°-diffeomorphism from X7 \ {¢(T)} onto Cg \ {po}-

Definition 3.8. We define the space F' of “smooth” Dirac spinors on Cy as the set of Dirac
spinor fields ¥ on Car defined by a spinor field = € C*°(Xp; S4 @ SA,) as follows

U(r,r,w) = (P, (T —1))" (E(T,7,w)) -
Then we keep the part of the elements of F' that is transverse to CS' :

F :={(V,Py) , where Ve F} .

10
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Remark 3.5. Any 2-spinor ¢4 at a point of C{' can be decomposed as

bA = 104 — dota, ¢o = da0”, b1 = par’t.

The spinor o points along 1 (in the sense of its flag-pole direction, see [13], Vol. 1) which is
tangent to C, whereas t* points along n® which is trasverse to Car . So we can consider ¢y as
the part of ¢4 transverse to Cj and ¢1 as the part of ¢pa tangent to Cg .

Remark 3.6. Any local diffeomorphism of the tangent bundle induces a local diffeomorphism of
the spin-bundle modulo a choice of sign, which means the choice of a sheat in a two-fold covering.
For the flow of a vector field, the choice of sign is globally imposed by continuity and the natural
requirement that for t = 0, the push-forward and the pull-back are the identity. Hence there is
no ambiguity in the meaning of (®s,(T —r))" applied to a spinor at the point (T,r,w).

The first function space we define as a completion of F is the space of L? characteristic data :

Definition 3.9. Let the space Lz((CS',dUCJ); C?) be the completion of F in the norm

00 Wl g = [ (1P + WP
0

where daco+ = nadVol* and dVol* is the 4-volume measure induced by g.

Remark 3.7. An important property of our coordinate system is that the singularity of the
diffeomorphism f at r = 0 is explicitly purely radial. The vectors m and m being tangent to
the 2-surfaces of constant (t,r), it follows that the differential operators m®d, and m®0, at any
given power send F into L?((Cy ; daco+); C?).

4 Results

4.1 The L? setting

Let Up € C°(X1;S4 @ SA,). By the usual theorems for hyperbolic equations there exists a
unique solution ¥ = ¢4 & x? € C®°(Dp;S4 &S of (4) such that the trace of ¥ on Y7 is equal
to Wr (see [11] for details). We can introduce the linear trace operator :

Definition 4.1. Let T' be the operator which, to smooth data W € C*(Xp; SAGBSA/), associates
the pair of complex scalar functions (¥1,Wy) on €, first and fourth components in the spin-frame
(04,14) of the restriction of the corresponding solution W to the cone CS'. By construction, we
have

[: Up € C(r;Sa@SY) s (01, 0y) € Lz((caradffcg)§c2),
since (W1, Wy) are in fact smooth scalar functions on €.

Using the conserved current we obtain by Stokes’ theorem :

/ x(padadz? + axada??) = /c+ w(Padadz™ + xaxardz)
S .

which can be written explicitly in terms of components of W as
[ wRdos, = [ (uif e+ eiido. (15)
Sr e 0

11
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where doy, = $7 dVol®.
Equation (15) entails that the operator I' possesses an extension to a bounded operator

rer (L2 <2T; Sa @ SA’> L2 ((cg, dog.); <c2>> . (16)
Our first result is

Theorem 1. The operator I' is an isometry.

4.2 Further L? estimates

In this subsection we consider the Dirac equation with a source Z = pq @ n?' :

(V44— i@t )on = gt )
(Vaa —iqPaa) x? = — 504+ pa,

We have :

Lemma 4.1. Let Z = py & n? € C®°(Dp;SA®SY) and W = ¢4 & x* € C®°(Dr;S4®S?Y) be
a smooth solution of (17). Then :

T
< / / (192 + [E)dox, dt (18)
0 I

/ WP dos, — / (1012 + |94 )do s
Sr cf 0

and for 0 <t <T,

0% do, 5/ |\I/|2ngT+/T/ 2P do,ds (19)
A Sr t Ju,
Proof. We shall use the following notations for 0 <t <ty < T,
Sty :=Cq N{t1 <t <ta}, Dy 4, :=Drn{ty <t <ts}. (20)
It is sufficient to establish the two estimates for the Weyl equation :
VAY gy = (21)

with n4" e ¢ (Dr; SA’). We apply Stokes’ theorem on the closed hypersurface made of X7, ¥
and the 3-surface S; 7. We obtain :

/ (padadr??) — / (padadt) = / pol*dogr +2R [ Y padVolt.  (22)
Sr pop 0

St 1 Dy 1

We have :

T T
< / / " $uldos,ds < / / (T 4G+ T 4 a0 )dors, ds
t s t s

/ T,Al (EA/ dV014
Dy r

This entails (18) putting ¢ = 0 and (19) via a Gronwall estimate. O

12
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4.3 Transport equations along the cone

The image of the data for (4) by the trace operator I' only involves two components of the trace
of the solution on Car : Uy = ¢g and ¥y = —y. The other two are completely determined by
the value of the solution at the vertex of the cone and by the restriction of the Dirac equation
tangent to Car :

la(aa - Z.qq>a) 1 — ma(aa - Z.qq>a) ¢o + (Oé - 7T)¢0 + (5 - P)le = _%XO’ >
(23)
la(aa - Z.qq>a) X1 — ma(aa - iqq)a) Xo + (d - 7_7)X0’ + (5 - f_))Xl’ = _%QSO .

On C§ we use the coordinate system (v,w) which realizes the cone as € with its vertex blown
up as a 2-sphere. Using the relation between [ and 0, given in Lemma 3.1, the equations (23)

can be written as
\I’g N \Ifl \I’l \1’2
Oy = —P, , 24
<\I/3> 5 <\I’4>+Q1<\II4 + Q2 U, (24)

m®0, 0
Fo = < 0 —m20, > '

Neither the operator P, nor the potentials Q1 and ()5 are smooth at the vertex of the cone but
they are smooth on €. The initial condition is (see Corollary 3.1) :

U, - _ie—ie(w)/2\1,1 ,
( v, )(O,w) = ( ieif@)/2y, (0,0').

where

We find the solution :

\I’ v v/w v/ —Z'e_ie(w)/zkll
< \Ili )(ij) = efo Q2(v",w)d |:< _ieie(w)/2\1,41 >(07w/)

+/ e_fov Q2(s,w)ds <EPM +Q1> ( \Ill > (’U/,OJ)dU/:|
0 2 0,

4.4 The H' setting

In this subsection, we work entirely with the component version of W. We still denote by ¥ the
vector whose components are V1, ..., ¥4. The covariant derivative V7V expressed in terms of
the components of W is equal to 7?9,V (denoted 7 ¥) plus a matrix of connection coefficients
applied to U. Equation (7) can be written as

TV =iHV (26)

where iH contains the right hand-side of (7) with the additional connection terms mentioned
above coming from the time derivative VyW. By standard theorems for Dirac operators on
Riemannian manifolds, the operator Py, is elliptic (see for example [4]), hence the norm

@)1 = 1H ] G20, + 12172,y

13
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is equivalent to the natural H! norm on X; uniformly in ¢ €]0, 7.
If U satisfies equation (26), then 7 ¥ satisfies

T(TV) = iH(TV) + [T,iH] ¥ (27)

and the error term [7,iH] V¥ is controlled in norm by || ¥|| ;1. From lemma 4.1, 7 ¥ satisfies the
estimates

T
/ U@P&mT—/RUTw&++Tuﬁywﬁ s/°uwwm§dt (28)
Y CSF 0 0
and for ¢ € [0, 7],
T
TP dos, 5/ T do,, +/ / 0|2, o, ds. (29)
P X t s

On the cone we have, using (11)
U, U,
(%) - e )
Uy —( Uy U, Uy
=) ) e () e ()
- rer @R ()

. vy
_ L(\h),

where Q3 and ()4 are smooth potentials on €.
The operator L is well defined as an operator from F to L?((C{ ; daco+); C?). We now

define on Car the Hilbert space

Definition 4.2. Let HCO+ be the completion of F in the norm
2

JGOL, =1 e o)

Using (28), (29) and a Gronwall estimate, we get

2

L2((€5 do 1) C2)
0

Lemma 4.2. For all smooth data U € C®(Xp;S4 @ SA,), we have

1zl or) S Il S 197l 0 (30)

and the trace operator I' therefore extends as a continuous operator from H'(X7) to HCO+.
The main result of this paper, of which theorem 1 is a consequence, is :

Theorem 2. T is an isomorphism from H'(X7) onto HCO*‘

14
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4.5 The Cauchy problem on a rough hypersurface on spatially compact space-
times

This section contains an extension to the Dirac equation in 4 spacetime dimensions, of the results
of [9] for the Cauchy problem on a Lipschitz hypersurface. We consider a smooth compact
manifold X without boundary of dimension 3. The spacetime X := R; x X is endowed with a
smooth Lorentzian metric g of the form

N2

g= 7dt2 — h(t)
where h(t) is a time-dependent Riemannian metric on X. We denote as before
20
=N

By [5, 6, 14], X admits a spin structure. We denote by |¥| the norm induced by 7 on Dirac
spinors at a point. Let X; denote the hypersurface {t} x X for any ¢ € R. Using the paralleliz-
ability of X, we consider on X a global smooth orthonormal frame

_ b
V2

We also introduce a smooth density du on X, for example the one induced by the metric h(0).
We define two spaces of Dirac spinor fields on X :

Definition 4.3. The spaces L2(X ; Sy &S%) and HY(X ; Sa®S?) are the completions of the
space of smooth Dirac spinor fields on X in the norms

19125 ) = / ()2 dp,
X
3

€o T, eq, a=1,2,3.

1205 ) = 190720y + D I Vea l72(x) -

a=1

When we need to use the L? norm induced by the conserved quantity for (4) on a specific Xy,
we shall denote

- 1
1V L2 (x,) :=/X T (padar + xarxa)dox,, dox, = §TJdVol4|Xt.

Let S be a Cauchy hypersurface in X with low regularity, defined as the graph of a function
f + X — R which is merely assumed Lipschitz-continuous on X. Lipschitz continuous functions
are differentiable almost everywhere, hence, the normal vector field V® to S, defined by

3
V:eo—l—zveafea, (31)

a=1
and the tangent vectors to S
Ta = VeafeO + €q s
are defined almost everywhere on S and are in L>°(S). We assume that S is uniformly spacelike,
i.e. there exists 0 < £ < 1 such that, almost everywhere on X, g, VeV? > ¢, or equivalently,
3

Y (Ve f)?<1-ce. (32)

a=1

The hypersurface S being Lipschitz allows us to define on S Sobolev spaces H® for s = 0,1 :

15
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Definition 4.4. For s = 0,1, we define the space H*(S; Sz @ SA,) as the set of Dirac spinor
fields U on S defined by a spinor field = € H*(Xo; Sa @ SY) as follows

\Il(f(x)v‘r) = ((Ibat(_f(x)))* (‘E(va)) :
On HY(S; SAaSY) = L2(S; SA®S4Y), we shall use the norm induced by the conserved quantity
for (4) :

W = [ (A @.00a( @) 2)on (1))

Fvan (@), 20 (@), 2)X (@), 2)) do(f (@), @), (33)
where do is the Leray form on S associated with the parametrization of S by f, i.e.
do = vadVol*,

and v? is the future oriented unit normal vector field to S
oV
gbc‘/b‘/C

The space H'(S; S4 @ §A/) can be understood as the set of Dirac spinor fields ¥ defined on S
such that U and its tangential derivatives V;, U are in L*(S; Sx & S*) and we put

3
1917105y = 1®1[72s) + Y IV ¥l 72 -
a=1

We have the following theorem :

Theorem 3. Let ® € L?(S), there exists a unique solution
Vel (Ry; LA(X))

of (4) such that
Uls=0.

Moreover, if ® € H'(S), then
Vel (Ry; HY(X))NC' (Ry; L*(X)) .

5 Proofs of the main results
5.1 Proof of Theorem 3
First we establish some L? and H! energy estimates between Xy and S. Let us denote
T7 := mi T = .
1= min f(z), Ty := max f(z)
Lemma 5.1. For any smooth solution VU of (4) on X,

19172(5) = 11172 (x0) - (34)

Moreover, there exist constants 0 < C7 < Cy < 400 independent of ¥ and depending only on
T1, Ty and the Lipschitz norm of f on X, such that

Crll® )1 (s) < 19113 (xg) < Coll ¥l (s) - (35)

16
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Remark 5.1. Using the conserved current, we immediately obtain that for any smooth solution
U of (4) on X,
2 2
H‘I’HLZ(th) = ”‘I’”m(xtz)
for any t1,ta € R. So for equality (34) it does not matter whether we choose Xo or any other
slice X;.

Proof of Lemma 5.1. We first prove (34). The equality is trivial for smooth hypersurfaces
S using the conserved current for equation (4). We consider a sequence of smooth hypersurfaces
S,, approaching S as follows® : each S, is defined as the graph of a smooth function f,, : X — R,
fn— fin L®(X), Oufn — Ouf almost everywhere on X and there exists 0 < § < & such that
for each n

3
Z (Ve fn)? <1—6 almost everywhere on X (36)
a=1

which means in particular that the hypersurfaces S,, are spacelike uniformly in x € X and n.
For each n, we have

H‘I’H%Z(sn) = H‘I’H%Z(XO)

and the L? norm of ¥ on S, has the explicit expression

Wy = [ (o) 2)oaln(o). ) (o).
U (@) 2) X (fal@). DX (@), 2)) don(fu(), )
where do,, is the Leray form on §,, associated with the parametrization by f,, i.e.
do, = vpodVolt,

and v is the future oriented unit normal vector field to S,,. This has a simple expression in
terms of f, :

3 ya

Vo=e+ » Ve, fn€a, Vg =—F—.

The properties of f,, imply that the components of v in the orthonormal frame are bounded

in L>®(X) and converge almost everywhere on X towards the components of v*. Hence by

continuity of ¥ on X and by dominated convergence, it follows that
2 2
||\I'||L2(3n) - H\I’HLQ(S) as n — +oo

and equality (34) is established.

We now follow the same strategy with V7V instead of U : it satisfies equation (4) with a
perturbation which is a smooth potential ; this prevents us from obtaining the same equality,
but we have equivalence of norms nevertheless using standard Gronwall-type arguments. Hence,
there exists a constant C' > 1 which is independent of ¥ and depends only on 7T} and 75 such
that

1
EHVT\I/”%Q(S) <IVTP)Zaixy) < CIVTYIZ2(s) -

It remains to prove that HVT\I/H%Q(S) + H\I/H%Z(S) is equivalent to the squared H'(S) norm of
W. In order to establish this, we decompose the Dirac equation in terms of a derivative along 7°

3For the existence of such a sequence of smooth hypersurfaces approaching S, see [9], Lemma 3.

17
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and derivatives tangent to S. Such a calculation is most easily performed using the expression
of equation (4) in the orthonormal basis {eg, 1, €2, e3} (recall that 7 = /2¢) :

3
c0-VeoU + Y €a.Ve, ¥ = PU (37)

a=1

where P is a smooth potential (involving purely the mass and charge terms). This can be
decomposed as follows :

3
[(eo = Veaf6a> Ve U

a=1

3
- [Z ea- (Veg + Ve [ Veo) U | +PU.
a=1

Clifford multiplying by the vector

3
ero—zveafeou

a=1
we obtain
3 3
<1 — Z Ve f |2) Ve, U =—-W. [Z ea-(Vey + Ve, [ Ve) V| + WPY,
a=1 a=1
or equivalently
\/5 3
V¥ = 3 2W — Z ea-(Ve, + Ve f Ve ) U | +PVY | . (38)
1 - a=1 |v6af| a=1

Remark 5.2. The vector W is obtained from the vector V' by reversing the signs of all the
spacelike components. One can infer from the expression of the Clifford product in terms of
2-spinor indices given in [11] that Clifford multiplication of a spinor Z by W is equivalent to
the contraction of the 2-spinor parts of = with the spinor form VAA" of the normal vector V.
If the hypersurface S were null, then Clifford multiplying equation (4) by W (or equivalently
contracting VAY into it) would give us the part of (4) tangent to S.

Since S is uniformly spacelike, 1 — Zi:l (Ve f)? is bounded and bounded away from zero
uniformly (or more precisely essentially uniformly since we are dealing with almost everywhere
defined functions) on . Moreover,

3
9t VoV = g W W =1 -3 (Ve f)

a=1

i.e. W is essentially uniformly timelike on S just like V. Hence the Clifford multiplication by
W is an isomorphism at each point where f is differentiable, with essential uniform bounds on
S for its norm and the norm of its inverse.

Let us now calculate the norm at each point of S of the spinor

3
Z €a-(Veq + Veof Veo) V.
a=1

18
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In order to simplify notations, we denote

Vi = (Ve, + Ve, f Vo) ¥

We have
3 3
Yq = eo.Zea.\If‘a, Zeg.\lf‘ﬁ
a=1 pB=1
3
Z (eo.ea.\lf‘a, eg.‘If‘ﬁ) .
a,B=1
The terms with a = § give
(eo.ea.\ll‘a, 6a.\If|a) = — (60.6a.€a.\1"a, \I"a)
= (0¥)a; Vja)
= v/

For a # f3, the terms in the sum cancel one another two by two since

(eo.ea.\I’|a, 65.\1’|5) = —(65.\1’|5, eo.ea.\I’|a)
= - (60.65.@\5, ea.\I’|a) .

It follows that

3 2

Z (Vew + Vea f Vo) W

L2(S)
is equivalent to

Z 1(Vew + Ve f Veo) UllZ2(s) Z V7 @72 (s

a=1

Hence, from (38) and the definition of the norm in H 1(S), we conclude that

191 s) S IVTElT2s) + 11172 S 110 s)

with constants in the estimates depending only on the Lipschitz norm of f on X. This concludes

the proof of Lemma 5.1.

The first consequence of this lemma is the existence of a trace on S for minimum regularity

solutions :

Corollary 5.1. The trace operator
I: C®Xo; Sa®SY) — L*S; SaaSY),

which to smooth data ® on X, associates the trace on S of the smooth solution U of (4) such

that ¥|x, = ®, extends as a continuous linear map still denoted I" :
T: L*(Xo; SadSY) — L*S; Sy SY).
Moreover, T satisfies for all ® € L*(Xo; Sa @ SA/),

IT®][72s) = 11172 (xp) -
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This entails that T is one-to-one and with closed range.
The restriction of T to H'(Xo; Sa®S4) is continuous from this space to H'(S; Sy &S4),
and satisfies
CLT® ) < 10121 (xy) < CllPO s,
where Cy and Cy are the constants appearing in (35).

Remark 5.3. Note that in the case of H' data, the solution is in HL (X) and T is therefore a
trace in the usual sense.

All that we now need to conclude the proof of the theorem is to show that for data ® € H(S),
we can construct a solution ¥ whose trace on S is ®, i.e. that the range of I contains H'(S)
(which is dense in L%*(S)). Using again the surfaces S, and the functions f, defined at the
beginning of the proof of Lemma 5.1, we consider some data ® € H'(S; S4 @ SA/) and we push
them along the flow of the vector field 7 as data ®,, on S,,. Since the sequence {f,}, is bounded
in W1(X), not only is each ®, in H'(S,,; Sa ®S*), but the norm

1 l11s, 205
is bounded in n. By standard theorems, for each n, there exists a unique solution
U, €C(Ry; H'(X))NC'(Ry; L*(X))

of (4) such that ¥, |s, = ®,. Now by Lemma 5.1, the sequence ¥,, is bounded in C(I; H'(X))N
CY(I; L?*(X)) for any bounded time interval I containing 0 and such that I x X contains all
hypersurfaces S,, and §. Modulo the extraction of a subsequence, we can therefore assume that
W, converges weakly in H!(I x X) and in H'(Xj), towards a solution

e (X)),
of equation (4) which naturally extends as
U e C(R;; LA(X)).
Since ¥(0) € H'(X), it follows that ¥ is more regular :
VeCR; H(X)NCH(Ry; LA(X)).

Now, using the Rellich-Kondrachov compact embedding theorem, it follows that modulo the
extraction of another subsequence, ¥,, converges towards ¥ strongly in H/2(I x X), therefore
by standard trace theorems, strongly in L?(S). It remains to prove that I'(¥(0)) = ®, or more
simply that the trace of ¥ on S is equal to ®. To establish this last result, we project spinors
on a given global spin-frame, still denoting ¥,,, ¥, ®,, and ® the vectors of the components of
the correponding spinors in the spin-frame. We have

/X |\If(f($),l‘) - (I>n(fn(x)v$)|2d:u = " |\I’(f(l‘),:L') - \I’n(fn(l‘),l')Pd/L
< /. (W(f (), 2) = W (f (), 2)[dps
+ " ‘\Pn(f(x)7x) - \I’n(fn(x)vx)lzd,u
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The first integral on the right-hand side tends to zero since ¥,, — W strongly in L?(S). As for
the second, denoting (f(z), f,(x)) the interval between f(z) and f,(x),

U, (fo(2),2) — Up(f(2), 2)?dp < oy, (¢, z)dt|?d
/X| (Ful@),2) — Un(f(2), 2) P < /|/ L dn(tafan

< / Ful) — £(@) 000 (¢, ) Pdtdp
(f(z),fn(z))
< sup |fu(z) — f(2)] |8t\I’n(t,x)|2dtd,u.
zeX IxX

The factor in front of the integral tends to zero since f,, converges uniformly towards f on X
and the integral is bounded since ¥,, is bounded in C'(I; L?(X)). It follows that

[ 190 @) = Bl o)
X

tends to zero. But since by construction ®,,(f,(z),z) tends to ®(f(z),z) uniformly on X, this
implies that the trace of ¥ on S is equal to ®. The proof is complete. O

5.2 Proof of Theorems 1 and 2

For these proofs, we assume that our coordinate system and Newman-Penrose tetrad are defined
on a subdomain of  that is slightly larger than D, namely on J*(¢(—n)) NJ~({(2T +n)) for
some n > 0. This is always possible since D is compact inside the open set €.

First recall that we have [ = %&), n= %&L (see lemma 3.1) and that m lies in the tangent
planes to the 2-surfaces of constant u and v, which means that m®d, involves only derivatives
with respect to w. Using (11) we see that the Dirac equation takes the form :

oW =iHV;H =~D, + P, +Q, v= Diag(1,—1,—-1,1), (39)

where D, denotes —id,. Here P, is a differential operator with derivatives only in the angular
directions and Q is a potential. Note that the operators P, and Q depend on t.

Thanks to inequalities (30), we only need to prove the surjectivity of the trace operator, i.e.
to solve the characteristic Cauchy problem for (4) with characteristic data in HCJ' We consider
two scalar functions g (r,w) and g4(r,w) on X and we extend them as constant functions on the
integral lines of 9;. From now on, we will always identify a function g on X7 with its extension
that we still denote by ¢g. In particular, we shall consider such functions as functions on X7 or
on Car according to convenience.

For g14 € HCJ? we wish to find a solution ¥, whose trace on Xp is in H'(X7), of the
characteristic Cauchy problem :

{ oW =iHW on X,

Uy a(r,r,w) = gra(r,w), (rw)€l0,T] x S2. (40)

We first assume that g1 4 € C>°(X7) and define g5 3 by

< 92;03 > (v,w) = <K ( gllcg >> (v,w),
9sler Galct
ze(w /2
92ley (0,w) = s 91les (0,w').
g3’car —ie g4’c+
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Let us now open the cone by a factor 0 < A < 1, [\ — 1| << 1. The new cone becomes spacelike
and we can solve the corresponding Cauchy problem by the previous results. We recover the
solution of the Goursat problem in the limit A — 1. More precisely, for A < 1, we extend g; 4 to
smooth functions on

Sy={t=T, rel0,T/), we 5%}

and thus g2 3 to functions in H!(¥7)* and we consider the Cauchy problem :

{ o U = HU,

PrAr,rw) = g(rw); (nw) €0, L] x 2. (41)

We put Ca“)‘ ={(Ar,r,w); 0 <7 <T/\, w e S?}. The tangent plane to Ca“)‘ at a given point p
is given for r # 0 by
T,Co" = Span{\d; + ,,0,}
= Span{(1+X)l+ (A—1)n,0,}.

Therefore ) 1 L1

is orthogonal to CSF A and
1 1
=51+ A)n+ (A= 1)1

is transverse to CS' A We also have :
g(lx,ny) = 1.

Therefore we obtain :

— / / 1+ A 11—\
AA o AN 2 2
/Co“ #(padardz™® + xaxadz™) = /COH ( oy | Y1al” + = [ Pa s >dUcO+,A

with do,+x =n s2dVolt. The equation (41) has by Theorem 3 a unique solution and we have
0
the estimate (see (34)) :

1+ A 1—A
AT d :/ —_— 2 —_— 2)d .
Jop P reon, = [ (55 + 55 el ) o

Now ®* = HU is solution of . 3
0, = i HO™ + [0y, H] WA

and we have the estimate (see (35)) :

/ ]tID’\lz(T, r,w)doy,
[0,T]x 52

5 /C\J,)\ <W‘®i‘,4’2()\7,7 T7W) + W‘@%‘”3’2(AT’ 747 w)> dO—CJYA

T+X ) 2 I=X y
+ /CSL’)\< 22 |\II1,4| (AT‘,T‘,W)+T|\P2”3| (A?",T‘,w) dO-CSr'A'

“In fact, under the action of K followed by the projection on £ along the integral lines of d;, we get functions
which are smooth on ¥} except at r = 0 where they are Lipschitz, so we have more regularity than H' but H'
is all we need for applying Theorem 3.
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Therefore we have to calculate (I))‘()\T, r,w). To this purpose we introduce the following coordi-
nates :

T = t—A\r,
T =T

}:>8t:87; Op = 0y — N\O; .
We have
ot = iHU
50,0 = (149N (Wamqﬂ (B, + @)qﬂ) . (42)
Using (42) we calculate :

. 1 1 1 1
HU = Di D,
mg<1+>\’>\—1’)\—1’1+)\>

+ Diag< ! ! ! ! ><13W+C~2)\I’A.

T4+XN 1A 1-XN1+X
Recalling that g(r,w) = ¥*(\r,r,w) we find :

1 1 1 1
1+ A =1 A—=1"14+2)

CID)‘()\r,r,w) = Dz’ag( >Drg(r,w)

) 1 1 1 1 - -
+ Dwg<1+)\’1—)\’1—)\’1+)\> (P + @) glr,w)

= gy. (43)

We therefore obtain the estimate :

/ @ P (T, 7, w)dos,
[0,T]xS2

1+ A 1—A
/ < 91,4 (r,w) + —|92,3|2(7”,w)> dos+
CS“A 0

2\ 2\
1+XA 9 1—X 9
/COM <7 (9r)1,47(r,w) + —=(gm)25"(Ar, 1 w) ) o (44)

Now recall that g satisfies the transport equations along the cone :

Org23 = i((P + Q)g)2,3.

It follows
(977)2.3 = 0.
and the R.H.S of (44) is uniformly bounded in |A — 1] << 1:

INT, ) gy S 1

Repeating the above arguments for the spaces H'(X;) we see that we can extract a subsequence,
still denoted U*, s.t.

UZN HY(27),
UZN HY(D7),
v - U HY?(D7).
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¥ is a solution of the Dirac equation and we have :
19l ) S gl ¥l or) < Mol (45)

We want to check that

In fact we can even show :
U(r,r,w) = g(r,w).

We estimate :
T
’g(?‘, w) - \I/)\(Ta T, w)]2d06+
0o Js2 0
T
= / / \\II’\(AT, rw) — \I/’\(r, r,w)]2d0C+
0o Jg2? 0

-

T T
< |)\—1|T/ / 0 (¢, 7, 0)Pdt dor
0 Js2J/xr 0

< TN -1 HE

2
daco+

Oy (t, 7, w)dt
Ar

H%ﬁ(z%) 5 Tz‘)‘ - 1’ — 0.

On the other hand :

T
/0 /5‘2 |\II>\(T7 Taw) - ‘I’(T, r7w)|2dJC8L S ||\Ij)\ - \II||§{1/2(KT) — 0.

Thus ¥(r,r,w) = g(r,w).
Ifg14 € HCO+ we approach it by a sequence g, of smooth data (as viewed on X7) and the

corresponding solutions converge to a solution W. The trace of ¥ on Car exists and we have :

| W) = gualne)Pdogs S I8 = Vs + [ 16" = huaPdogg -0
[0,T]xS52 0 [0,T]xS2 0
and thus
Uy 4(r,rw) = gra(r,w).
Ifgi14 € L? we again approach it by a sequence of smooth data g1 4- The corresponding solutions

are in H'(X7) and converge to some ¥ in L?(X7). By definition of the extension of the trace,
we have I'U = g1 4. This concludes the proof of Theorems 1 and 2. O
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