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Abstract

We prove global existence and uniqueness of solutions to the Rarita-Schwinger evolution
equations compatible with the constraints. We use a gauge fixing for the Rarita-Schwinger
equations for helicity 3/2 fields in curved space that leads to a straightforward Hilbert space
framework for their study. We explain how these results might be applied to the global
analysis of the full Einstein vacuum equations and provide a complete analysis as a basis for
such applications. These and a programme for developing an scattering/inverse scattering
transform for the full Einstein equations are discussed.

1 Introduction

In this article we give a detailed analysis of the Rarita-Schwinger equations for helicity 3/2
fields in a general curved vacuum Lorentzian space-time. Existence and uniqueness theorems
for linear symmetric hyperbolic equations are well understood according to general schemes,
see for example Jerome, 1983, chapters 6 and 7, [5]. However a number of equations in
mathematical physics, in particular the Rarita-Schwinger equations, do not quite fit into
these schemes because they have both gauge freedom and constraints and one must analyse
these aspects of the equations on a piecemeal basis. In this article we introduce a gauge
fixing based on that used by Witten in his proof of the positive energy theorem, [15]. This
leads to a natural Hilbert space framework for the analysis of the equations and we prove
existence and uniqueness compatible with the constraints in this framework.
Our interest in the Rarita-Schwinger equations arises for three reasons:

1. perhaps the most important reason in the short term, is the fact that the initial data
sets for general relativity can naturally be expressed as a pair of helicity 3/2 fields
via the spin connection (these are formally gauge equivalent to zero, but have non-zero
norm in the Hilbert space). This is completely natural in the sense that it is compatible
with the evolution and constraint equations and the Hilbert space inner product gives
precisely the ADM energy which is conserved. Thus the analysis of the helicity 3/2
equations has direct applications to the analysis of the full vacuum equations: estimates
for the helicity 3/2 equations give a priori estimates for the spin connection for solutions
of the full vacuum equations. This identification is given in section 7.2.1.

2. Penrose’s proposal that helicity 3/2 fields should provide a vehicle for a definition of a
twistor in vacuum space-times, [10].

3. The third is the proposal, made by a number of authors over the years, that the helicity
3/2 equations provide a type of Lax pair for the full vacuum equations, raising the



possibility that one might be able to develop an inverse scattering transform (although
this cannot be such as to lead to complete integrability of the equations). These
applications are discussed briefly in the last section but will be followed up in detail
only in subsequent papers.
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2 Notation and definitions

We work on a 4-dimensional Lorentzian space-time (M, g). We assume, for consistency of the
helicity 3/2 equations, that the space-time satisfies the Einstein vacuum equations. For the
initial value problem we assume that the space-time is globally hyperbolic with a foliation
by orientable Cauchy surfaces ¥;, ¢ € R. With these assumptions, (M,g) admits a spin
structure and we choose one. We use the two-component spinor notation and conventions of
Penrose and Rindler [11]. Thus the bundle of positive or self-dual spinors is denoted S4" and
negative or anti-self-dual spinors is denoted S4 and the tangent bundle T*M = S$4 ® sA'.

Many formulae are simplified by the use of the notation of spinor-indexed differential
forms (using a form of Cartan’s calculus). In this notation, a spinor or tensor expression
taking values in the tensor product of a bundle of forms with a bundle of spin tensors is
written with the differential form indices suppressed but the other indices explicit. The
indexed 1-form dz?4" € Q' ® S4 ® S’ is the Kronecker-delta that maps the 1-form, vy
as an indexed quantity to vx 4dzA4” the 1-form with its indices suppressed. We use d to
denote the covariant exterior derivative, d = dzAA'Y a4 where V, acts as the standard
spin connection on spinor indexed quantities and the suppressed form index is understood
to be skew-symmetrized over the form indices in the quantity on which d acts. Thus d is the
standard exterior derivative augmented so as to act on spinor indexed quantities using the
Levi-Civita spin connection.!

We introduce the future pointing time-like normal to 3; normalized, for convenience, to
have squared length 2,

T,dx* = Ndt, T, T*=2.

This leads to a 3 + 1 decomposition of the metric
g = N2> —h
2

where h is the part of g orthogonal to 7.

The spinor form TAA of T can be used to convert primed indices into unprimed indices.
The normalization implies that

TATE = —ep?,

so that if one performs the conversion twice, one obtains minus the identity. We can express a
4-vector orthogonal to T® as a symmetric spinor (of either type) as follows. If TAA Vg =0
then Varpr = Ta? V4 and Vap = TAA/ VB as are both symmetric and determine yA4 by
Vaa = —TaP' Vap = —TaPVap.

We also decompose the covariant derivative into its time-like and space-like parts

V, =D, + éTaVT, T9D, = 0.

!This notation only makes good sense in the context of Penrose’s abstract index convention, Penrose (1986).

Those who are uncomfortable with this convention should replace da? by a Van der Waerden symbol 044" and
d with D to make clear the connection dependence of d when acting on indexed forms.



By conversion of primed to unprimed indices we introduce the following slightly different
forms of the space-like covariant derivative

Dap =Ta*Dpas, and Dargr =Ta*Dpia.

Note that D, is the four-dimensional covariant derivative restricted to act tangent to ¥; and
is distinct from the intrinsic Levi-Civita connection on ¥;. In particular we have

DaTb = Kab

where T Ky, = 0 and Kqp = K(qp) is V2 times the extrinsic curvature. Thus the conversion

of primed spinor indices into unprimed ones does not commute with this restriction of the

4-dimensional covariant derivative (although it does with the Levi-Civita spin connection of
It will be convenient also to introduce the quantity

1
Naar =Daalog N = _EVTTAA’

where the last equality follows from T°V, T, = 2TbV[bTa] = 2Tb(D[bN)(Va]t) = —2D,log N.
We also define Nyp = TAA/NBA/.

3 The Rarita-Schwinger equations

3.1 The equations in space-time

The Rarita-Schwinger equations have their simplest expression in terms of spinor valued
differential forms. The basic variable is a spinor indexed 1—form o4 = opp/ 4dzBB’. The
field equations are

dog Adz? =0. (1)

In flat space-time, the form o 4 is a potential for the field ¥ 4pc defined by
dos = Yapcdas, A dzCB
The field determines o4 up to the gauge freedom
opar> 04 +drgy (2)

where v4 is an arbitrary spinor field. In curved space, the field is no longer invariant under
these gauge transformations, and we take the true degrees of freedom to be defined as
potentials o4 satisfying equation (1) modulo the gauge freedom (2).

Making explicit all the indices, equation (1) gives

V(‘A;UB)A’B =0, Viyopyap =0,

with gauge freedom oo — ocaa'B + Vaavs.
There are two consistency requirements for the field equations:

1. pure gauge potentials should be solutions to the equations

2. we must have two differential identities among the field equations to compensate for
the fact that they are over-determined. (The 8 unknown dependent variables can be
reduced to 6 by means of a gauge transformation; for example one can use a gauge
transformation to set V®o,p to zero by defining vp to be the integral along the in-
tegral curves of the vector V¢ of V®s,p5. However, there are then 8 field equations
on 6 unknowns so that the equations are over-determined. In the context of a 3 + 1
decomposition there will be two constraint equations on initial data. We require two
identities which will imply that the evolution equations will preserve the constraints.)



Both consistency requirements are met iff the Einstein vacuum equations are satisfied. They
follow from the identity

dJ?AA/ A d2OéA = %aAGfA/*Xb (3)

where G is the Einstein tensor, a4 is a spinor indexed form and X, = %5abcddzb/\dxc/\dxd
(see pp434-5 of [11]). When a4 is a spinor-indexed O-form this implies that pure gauge
potentials satisfy the field equations. When a4 is a spinor-indexed 1-form, this yields the
desired two differential identities between the field equations.

There is a conserved current associated to solutions of the Rarita-Schwinger equations
whose integral over a hypersurface yields a conserved positive definite inner product on solu-
tions modulo gauge. The differential form version of the field equations yields immediately
that the 3-form

ioa AGa Adstd (4)

is closed when o4 satisfies the field equations and is exact when o4 is pure gauge. Thus it
must vanish on o4 = dv4 for a compactly supported v 4.

3.2 The 3+ 1 decomposition and a gauge choice

We now fix the gauge freedom in such a way that the integral of the 3-form, (4) above
becomes positive definite on solutions to the equations. The gauge we choose is analogous
to the Coulomb gauge in electrodynamics and is based on that used by Witten [15].

We first perform a 3+1 splitting on o4:

opada? = axdt + ¢pada’, where TP¢pa =0.

We impose the gauge condition
pant =0.

In this gauge the field ¢gp/ 4 has just four independent components as the spinor ¢gpg- AT(,]?/
is now totally symmetric over ABC'. In order to transform from a general gauge to this gauge,
we must invert the Witten operator v +— D 4404, The invertibility in the asymptotically
flat framework considered subsequently follows from the work of Parker and Taubes, [9].
(These arguments extend readily to the compact case also.) The gauge transformations that
preserve this condition must satisfy the Witten equation, D 4424 = 0 and the invertibility
of the Witten operator implies that there is no residual gauge freedom with 4 — 0 at oo.

3.2.1 Inner product

AA’

With this reduction, the integral of the form —iocq A Gar A dx gives the positive definite

inner product

(b1, o) = / ioa Noa ANz = | —¢apd% TP dVoly,
I PN

where d Voly, = %TdXd, Xg= —édx“ A dab A dazeqpeq and the minus sign arises from our
conventions in which the Lorentzian metric is negative definite on space-like vectors.
3.2.2 The constraint and evolution equations
With this decomposition of o4 the full equations become
XBB (VE¢apa + N(eapDgaa —Dapag)) =0 (5)

These equations have three irreducible parts: two parts have two components each and only
involve derivatives tangential to ¥;, and the third has four components and determines the
evolution of ¢, 5. The first spatial equation involves ¢, g alone and is treated separately from



the others as a constraint equation. It arises from dopg A d(EBB/|2t = 0 (i.e. the contraction
of TBE" in place of X44" in equation (5)). This gives

D¢ aap =0. (6)
The second spatial equation arises by contraction of e4'B" into (5):

D apa® = NVBE ¢app = N (TEIKCC/BB,quB/C n Nb¢bA) (7)

where the second equality follows by use of (6). This is an elliptic equation for a? in terms
of ® 44'p. The evolution equations are an irreducible part of

2
T(uVropyas = —2D(ndpra — yPapas.

These are 6 equations and are a combination of (7) and the four evolution equations for
¢aap. These can be separated out by writing ¢papc = T;‘“ ¢pac and eliminating all
primed spinor indices using TAA" This yields

1 2
Vroapce = D(DAQZ’BC)D + N(aéf)BC)D — K" boypr + 6K¢ABC - ﬁD(ABOéC) - (8)

When the slices 3; are asymptotically flat or compact, we can use the inverse (D71)% of
the Witten operator a4 — DEBap to eliminate a4 using equation (7) to obtain the nonlocal
evolution equation

1
Vrpape = D([,)4¢BC)D + NO¢soyp — K" dcypr + 6K¢ABC
2 _
—~PwusD NE{NKppra¢® S + N'éip} . (9)

where v4 = (D7) B up is equivalent to pa = Dapv? with v4 = 0 at oo.

3.2.3 Preservation of constraints

Our strategy will be to solve the evolution equation independently of the constraints (6)
and then to solve the constraints (6) on an initial surface and deduce from the consistency
condition (3) that they will be satisfied at all subsequent times. This follows from the two
differential identities between the field equations as follows.
If we are granted equations (7) and (9), then, in the differential form notation of the
previous section,
da* Ndoy = AT X"

where Cy/ is proportional to the constraints DB¢¢pca by a numerical factor and X® =
is“bcddwb Adzc Adx?. The consistency condition (3) in vacuum gives that the left hand side
of the above equation is covariantly closed identically. Thus

Vo(T'NC') = Vo (NCY) + V2KNCH = 0. (10)

Thus, if C4 vanishes initially, it will remain zero.
Note that the evolution is unitary when the constraints are imposed (as follows directly
from the closure of the form —io 4 A 54/ A dz?4 ).

4 Function spaces and the hypotheses on the metric

We have assumed our space-time to be globally hyperbolic, so the Cauchy hypersurfaces
Y; of our foliation are homeomorphic to a given 3-manifold ¥ (Geroch [3]). We work on



the smooth 4-manifold R; x ¥ endowed with a Lorentzian metric g. We will specify our
assumptions on g by requiring that it is continuously differentiable in time (up to a certain
order) with values in some function space of Sobolev type on X. ~

In order to define Sobolev spaces on ¥, we equip it with a smooth Riemannian 3-metric h
that is Euclidean outside a compact set K. The metric space (3, 71) is necessarily complete.
Let D and dVol; be respectively the covariant derivative and the metric volume element on
¥ associated with the metric h.

We will be concerned with spinors and tensors on ¥. We assume that we have a smooth
spin frame (and hence orthonormal frame) that is global and constant where h is flat near
infinity. This identifies spinors and tensors with their components. In the following we will
use (, ) to denote the natural positive definite inner product induced by h on these quantities.
The standard function spaces with spinor and tensor values on X, suppressing indices, are:

e Ck(X), k € NU {o0}, is the space of k times continuously differentiable functions on
Y. The subspace of compactly supported functions is denoted C§(X) and of functions
uniformly bounded on ¥ together with their derivatives is denoted Cff ().

e H*(Y), s € N, is the Sobolev space given by completing C5°(X) in the norm

s 1/2
||st@>={2 / <13pf,l3pf>dV01;;} , (11)
p=0"%

(this agrees with the standard definition for all Riemannian manifolds which are com-
pact or Euclidean at infinity, Hebey [4]). The space H°(X) will be denoted L?(X).

o Hj(Y) for s € Nand ¢ € R, is the weighted Sobolev space given by completing C3°(X)
in the norm

s 1/2
||fHH§(2) = {Z/E (1+ 7~2)5+p <]3Pf, ]~)Pf> dVol;]} , (12)
p=0

where r(z) is the h-distance from z to a fixed point O € ¥. (The function space is
independent of the choice of O.) The space HY(X) will be denoted L3(X).

e CF¥(X), k €N, § €R, is the weighted Holder space of functions in C*(X) for which the
norm

k
SHL /R, 1/2
llessy = sup 34 (147%™ (B B's) ) (13)

is finite.

We will use this notation when the spinor or tensor in question is unambiguous. Otherwise
we shall use the notation C*(%,S4), H§(Z, Saram))s C?(Z, Tup) to denote the class of spinor
or tensor fields that we are considering. We can now express our requirements for the metric
g.

Definition 4.1 We say that the metric g on R, x X belongs to the class (k,§), k a positive
integer, 0 € R, if
g—gelC (R HITY(D)),0<1<k (14)

where g = dt @ dt — (1 + %) his a background Lorentzian metric on R x 3. We define the
class (00,9) as the intersection of all classes (k,0) for k € N.

Remark 4.1 Weighted Sobolev spaces give, in addition to the local control on the derivatives
given by the usual Sobolev spaces, more flexibility in the control on the rate at which quantities
fall off at infinity than usual Sobolev spaces provide. We see, using the continuous embedding

HE(D) — Ci2(%), & <8+3/2,k>2, (15)



(Chogquet-Bruhat and Christodoulou [1]), that if g is of class (k,§), k > 2, § € R, then
g—GeC (RCE2(R),0<1<k—2,6 <5+3/2 (16)
Thus, as r — +o0,
Dig—g) =001, 0<i<k-2, & <6&+3/2.

Note that, due to the presence of m/r in g, we can only guarantee the following fall-off for
the derivatives of g:

Dlg e cr (Rt;cfj;ﬁ—P—2(2)) L0<I<k-20<p<hk—1-2 (17)

where « satisfies a < § +3/2 and a < 1, i.e. asr — 400
Dig=0(r=,0<1<k-2 a<d+3/2and a<1. (18)
The extrinsic curvature satisfies
Koy = DTy =0~ ~Y), r — +00, & <6+3/2 (19)

and
1 :
Naa = —5DrTan = O(r=), r— +o0, & <6+ 3/2. (20)

The Rarita-Schwinger equation is associated with the metric g and not g, so that the
natural function spaces for the solutions are Sobolev spaces on ¥; associated with the 3-
metric h(t) induced by g. For t € R, s € N, we define the Sobolev space H*(X;) as the
completion of C§°(X) for the norm

s 1/2
”fHHS(E,J = {Z/ <ﬁpf7ﬁpf> dVOIEt} s (21)
p=0"%

where D and dVoly, are the covariant derivative and the volume element on ¥ associated
with h(t). With one more natural assumption on g, this space can be identified with the
Sobolev space H*(X) defined using h. We suppose the metric g satisfies
(H) There ezists two continuous functions C1,Cy > 0 of t such that for all (t,z) € Rx X, the
lapse function N and the eigenvalues A;, i = 1,2,3 of h(t,x) as a symmetric form relative
to h satisfy

Ci(t) < Ai(t,z) < Ca(t), Ch(t) < N(tx) < Co(t).

Lemma 4.1 If the metric g is of class (k,6), k > 3, § > —3/2, and satisfies hypothesis (H),
we can define the spaces H'(X;), t € R, for 0 <1 < k—2 and the norms on these spaces are
equivalent to the norms on H'(X), 0 <1 < k — 2, i.e. the identity map is an isomorphism
from HY(X) onto H'(;), t € R, 0 <1 < k —2. This norm equivalence is uniform on each
compact time interval. At the level of minimum regularity spaces, the mapping

(det(h(1))"/*

feLi(¥)r— (det(ﬁ))1/4

ferL*x) (22)

is an isometry. This is a direct consequence of the definitions of L?(X) and L?(X;). Note
that the continuity of g and hypothesis (H) entail the completeness of (3, h(t)) for all t € R.

Proof: Assuming the metric satisfies (H), the measurable functions for d Voly, are the same
as those for d Vol;. Similarly the integrability of terms in <5p 1, D’ f> for which all the

derivatives act on f is equivalent to that of the same terms in <]3” f,DPf > More precisely,

7



these terms in (D", D" f > can be estimated by those in { D? f,D? f ) and vice versa. Terms

in which derivatives act on the connection coefficients and metric are controlled by lower
order terms using the uniform bounds on the metric and its derivatives. We can only define
Sobolev spaces of order lower than k—2 as the metric is not more than Cf ~2 and this prevents
us from taking more than k — 2 derivatives if we wish to have values in L*°, as required for
a continuous action on L? by multiplication. When applying k — 2 covariant derivatives to
f€C§e(X), k—3 of them will act on the spin coefficients of the first covariant derivative and
spin coefficients already are a first order derivative of the metric. The assumption § > —3/2
is the minimum requirement to ensure that g — g tends to zero at spatial infinity. O

We will therefore usually not distinguish H'(X) from H'(X;); we will use the notation
H'(X) unless the norm associated to a given hypersurface ¥; is significant, in which case we
shall write H'(X;). When the precise value of the norm is not significant we will use dVolj;
(writing simply d Vol) and we shall write || |2 instead of || || z2(x)-

Remark 4.2 (a) Note that the conserved quantity is the L*(X;) norm not the L*(X) norm.
However, they are directly related by the isometry (22).

(b) If we choose a slicing by mazimal Cauchy surfaces, the volume element dVoly, will
be independent of time. We can then choose dVolx, as the measure of volume for all our
function spaces L*(X), H*(X), etc.. With this choice, the norm of the solution in L*(X) will
be preserved by the evolution.

(c) We can also define Sobolev and weighted Sobolev spaces for spinors using the space-like
part D of the restriction of the 4-dimensional covariant derivative from the whole space-time
(M, g) instead of the Levi-Civita spin connection D of ¥;. The operators D and D differ
by a zero order term which is a combination of the extrinsic curvature and therefore, the
Sobolev and weighted Sobolev norms defined using D and D respectively will be equivalent.
This remark will play a role in the study of the non-local part of the equation in the proof of
proposition 5.1.

Definition 4.2 We denote by H; the space of helicity 3/2 fields for which the integral
(o,0) = —/ ioa ANoar AdztA (23)
3¢

is well defined. In the gauge introduced above, this reduces to

1 - /
(o,0) = 7 bap dETEP d Voly,
P

which is a manifestly positive definite inner product. (Note that with our conventions the
metric on a space-like vector is negative definite.)

With a choice of unitary spin-frame (i.e. (04, ¢4) with 14 = T445 1), H, ~ L2(2; CY) as
¢p4 has four independent components and, with the unitary spin frame, the inner product is
diagonalized. As seen above, each L?(%4; C*) is isometric to the space L?(3; C*) constructed
using the background metric h, that is each H; is isometric to a fixed H defined as L?(3; C*).
The isometry is not canonical as it relies on a choice of spin frame (and hence orthonormal
tetrad) at each time, and an identification between the hypersurfaces at different times. With
a maximal slicing, the isometry becomes constant.

Finally, we define a family of function spaces that will be used in the study of the non-local
term.

Definition 4.3 For k € N, k > 1, we define the space H*(X) as the completion of C§° (%)
for the norm ||.||mx -

k
£y = 171122 ) + DS Wi ) = / {(1 )R (D ﬁpf>} dVol. (24)

p=1



5 The global Cauchy problem

In this section we prove existence and uniqueness of solutions to the evolution equation (9)
independently of the constraint equation (6). The spatial equation (7) is solved by inverting
the Witten operator to express a4 in terms of ¢p4. The elimination of a4 in the evolution
equation leads to a non-local term. We shall see that this term is bounded and therefore
does not obstruct the well-posedness of the Cauchy problem. In the next section, to find the
physical solutions satisfying the constraints, we will show that the constrained subspace is
preserved by the evolution.

If we express equation (9) in terms of the components of ¢ with respect to a unitary spin
frame (i.e. a spinor dyad (oa,t4) for which ¢4 = 7446, and 1404 = 1) and in a local
coordinate basis, we obtain a system of the form

3
O = ZZ Al(t, x)%qﬁ + terms of order 0

i=1

where the 4 x 4 matrices A’ are hermitian. Thus the system is a zero order perturbation of a
first order symmetric hyperbolic system for which general existence results are known. This
will enable us to prove global existence (independently of the constraints).

We recall equation (9)

Vroapc = D(DAQSBC)D + N(]?4¢BC)D — K" ¢cyer + t Kdapc
~ 2D HE{NEpprcd™ “ + N'¢yp}.

We write this in the Hamiltonian form

9¢ _

5 — Al)d + Q1(t)g + Q2(t)¢ (25)

where (1A(t)¢) apc is the first order part in

ND{épcyp (26)

which in a local coordinate frame has the form
> 0
Z A'(t, x)wqh A* are hermitian matrices.
i=1 v
The second term, @1, is the local potential given by

1 . .
N {N@l(éBC)D — K" ¢oypr + g dapc + spin CoefﬁClentS} ; (27)

where the spin coefficients arise from expressing both the spatial and temporal covariant
derivatives in a spin frame. The last potential Q)5 is the non-local term

—2D(4p(D "B {NKppra¢® " + N°¢up}. (28)

We first discuss the class of the background metric we require and then give the main
theorems on the well-posedness of the global Cauchy problem for equation (25) for minimum
and higher regularity solutions independently of the constraint (6).

Remark 5.1 The metrics defined in the previous section of class (k,d) with § > 0 give a
standard definition of asymptotically flat space-times for general relativity; for these metrics,
g and § differ at infinity by terms smaller than r—3/2 and the extrinsic curvature vanishes
faster than r—5/2.  Occasionally weaker definitions of asymptotically flat space-times are
considered, as for example in [9], and the only assumptions are that the metric tends towards



the background metric faster that 1/r and the extrinsic curvature falls off faster than 1/r2.
This is given by the class (k,8), 6 > —1/2, and it is this class of metrics that we shall prove
our results for here.

Our results are true for a larger class, namely (k,d§) with 6 > —3/2 (note that, for this
class, the presence of m/r in g is meaningless). However, the physical relevance is not clear
and so we express our theorems for § > —1/2. The less physical metrics with 6 > —3/2 tend
towards g as r — +o00, are continuous, bounded in space and their first order derivatives
and extrinsic curvature fall off at infinity faster than 1/r. These are the only conditions we
use in our proofs of the theorems. Note that for the injectivity of the Witten operator in the
proof of proposition 5.1, we will only just be able to guarantee € > 0 in inequality (60). If
we were to weaken the fall-off assumptions on the metric further, we could no longer choose
e > 0 and this part of the proof would break down; we would then also have A;(t) — B € Hg“
with a value of & that would no longer allow us to apply the essential theorems from [1].

Theorem 1 Let the metric g be of class (4,6), 6 > —1/2 and satisfy hypothesis (H), then
for s € R, given ¢o € Hs, equation (25) has a unique solution ¢s(t) € Hy for each t, such
that, using the isometry Hy ~H,

¢s € C(Ry;H), dsli=s = do.
The propagator
V(t,u): gs(u) — ¢s(t)
s a continuous semi-group of operators on H satisfying the properties
(i) V is strongly continuous on R? to L(H) with V(t,t) = Id.
(it) V(t,s)V(s,r) =V(t,r).

The solutions described in theorem 1 are solutions in the sense of distributions on R x X.
For smoother solutions we have

Theorem 2 If the metric g is of class (k,d), k >4, 6 > —1/2, and satisfies hypothesis (H),
then for ¢g € H™(3;C*), 1 < m < k — 3, the associated solution ¢s(t) of equation (25)
satisfies
¢ eC (R H™H(2;CY), 0< 1< m.
The propagator V satisfies the additional properties
(ii) V(t,s): H™(3;C*) — H™(3;C*), V is strongly continuous on R7 ; to L(H™(X;C*)).
(iv) %V(t,s) = (1A{t)+Q1(t) + Q2(t)V(t, s), %V(t,s) = —V(t,8)(1A(s) + Q1(s) + Q2(s)).
Both derivatives exist in the strong sense in L£(H™(%;C*), H™~1(3;C*)) and are
strongly continuous on R? | to £ (H™(%;C*), H™~1(2;C*)).
Before we prove theorems 1 and 2, we state a general result on the non-local part of the
equation which will be used in the proofs of theorems 1 and 2.

Proposition 5.1 If the metric is of class (k,0), k >4, § > —1/2, and satisfies hypothesis
(H), the two operators defining the non-local potential satisfy the following properties:
1) For1<p<k-20<Ii<p—-1,l,peZ,

(Yo — Diaptbe)) € C (Ry; £ (HP~H(S; C?); HP (5 CY)))
2)For 1<p<k-20<Ii<p-1,1,p€e’Z,
(Yo — DEYD) € C' (Ry; £ (HPH(2;C?); HP!7H(3;C7)))

and this operator (the Witten operator) is an isomorphism from HP (3; C?) onto HP~1(%; C?),
1<p<k-—2, at each time t € R.

Consequently, the non-local operator ¥p — D(AB(D_1>g)’(/JD inwvolved in the definition
of the non-local potential Q2 belongs to the following spaces for 1 <p<k—-2,0<I1<p-—1,
l,p €EZL:

CH(Ry; £ (HP7H(Z;€%), HP (2 CY) (29)
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The proof of proposition 5.1 is given in appendix 1. We now give the proofs of the two
theorems.

Proof of theorem 1: In order to solve the Cauchy problem for equation (25), we consider
it as a perturbation of the simpler equation

¢ =iA(t)o. (30)

This is a first order linear symmetric hyperbolic system on R; x ¥ and the well-posedness
of the L2-Cauchy problem for this class of equations is well-known. We appeal to standard
results for the solution to this equation in trivial topology and then generalize to nontrivial
topology. Then we solve the global Cauchy problem for (25) in C(R;; H) by a simple fixed-
point argument, interpreting the potentials Q1 (¢) and Q2(t) as locally integrable functions
in time with values in the Banach space of bounded linear operators on H. The details of
this proof are as follows.

The case of trivial topology.
When the topology is trivial, the whole space-time can be parametrized by R; x R3 and the
term iA(t)¢ is of the form

3 06
iA(t)p = Zai(t,x)%, (t,z) € R
i=1

The a®’s are hermitian 4 x 4 matrices whose coefficients are those of the space-like Infeld-Van
der Waerden symbols multiplied by the lapse function V.
With our assumptions on the metric, we have immediately that

a' € C° (Ry; CF(R?)) — C° (Ry; Cp (RY)) . (31)

The well-posedness of the Cauchy problem in L? for this type of symmetric hyperbolic system
is given, for example, in section 6.4 of Jerome, 1983, [5], culminating in theorem 6.4.5. This
gives existence of a unique family of operators {U(t,s)} defined on R?, and satisfying the

following properties (using the isomorphisms H ~ L?(R3; C*) and Hl(E; C*) ~ HY(R3;CY)):
(a) U is strongly continuous on Rf , to L(H) with U(t,t) = 1.
(b) Ut,s)U(s,r) =U(t,T).

(c) U(t,s): H'(E;C*) — H'(3;C*) and U is strongly continuous on R7 | to L(H'(%;C?)).
)

(d) 2U(t,s)=iA@)U(t,s), LUt s) = —ill(t,s)A(s) which both exist in the strong sense
in L(H"(2;C*), H) and are strongly continuous on R? | to L(H'(3;C*), H).

Thus, the global Cauchy problem is solved for (30) in the case of trivial topology.

The case of nontrivial topology.
We cover ¥ by balls and apply the result for trivial topology in the domain of dependence of
each ball. The finite propagation speed for equation (30) yields, for a short time, a solution
global on ¥ from the solutions in the domains of dependence. This will be enough to prove
global existence and uniqueness of solutions of (30).

The propagation speed of equation (30) is estimated at each point (¢,2) € R* by

3Sup {||ai(t,:c)||; 1<i<3, ze Rs} (32)

which, in turn, is controlled by a positive continuous function of the variable ¢t only: C(t).
It is thus bounded uniformly in space and locally uniformly in time. The bound (32) is
given in theorem 3.1 in Racke, 1992, [12], for C! solutions, however, we are by no means
certain of the existence of solutions with such regularity here. The theorem is in effect
still true for H!-valued solutions whose existence is guaranteed by property (c) above (the
proof remains essentially the same modulo a couple of technical modifications). The result
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is readily extended to minimum regularity solutions using the density of H' in L? and the
continuity of the solutions with respect to their initial data. In non trivial topology, this
estimate on the propagation speed can be obtained locally in the same manner using local
coordinate charts; the uniform control only depends on uniform estimates on the metric
and its derivatives which are true by assumption. Therefore, we still have existence of a
continuous function C(t) such that for each (¢,x) € R x X, the propagation speed at (¢, z) is
estimated by C(t).

When ¥ is not topologically trivial, we use this uniformly finite propagation speed to
localize the problem into open sets of trivial topology. Consider a compact time interval
[-T,T], T >0, and ty € [-T,T[. Let {€;}1<i<n be a finite covering of ¥ by open sets of
trivial topology and evolve each set €); into its domain of dependence from time t = ¢, i.e.
we evolve the boundary 9€2; of 2; along the flow of the vector field

a 1 a
v(t, x)v® 4+ \/iT

where v is the interior normal to 9€2; and v(t, ) the propagation speed at the point (¢,2) €
R x 3 in the direction v®. (This is equivalent to evolving €2; into its domain of dependence for
the metric g, i.e. along null-geodesics orthogonal to 0€2;, since the characteristics for equation
(30) are the null geodesics.) For t > ty we obtain open sets €;(t), 1 < i < n, Q;(to) = ;.
Because of the uniformly finite propagation speed on [—T,T] x 3, we can choose the covering
{€;} such that for some ¢ > 0 and for ¢ € [to, to+¢] the family {;(¢) }1<i<n is still a covering
of ¥ by topologically trivial open sets. Moreover, the length e of the time interval can be
kept constant for all to € [-T,T7.

Considering some initial data ¢y € H at time ¢g, in each domain of dependence, (using
the result for trivial topology) we have existence of a unique solution ¢;, continuous in time
with values in L? such that

Pile=to = ol -

The uniqueness of the solution in each domain of dependence guarantees that for ¢ € [to, to+e¢]
¢i (t)|§li(t)ﬁﬂj(t) - ¢j (t)|52i(t)ﬁ52j(t)

whenever the intersection €;(¢) N 2;(¢) is non-empty. Hence, it makes sense to define
o(t,x) = ¢;(t,x), for x € Q;(1). (33)

Each function ¢; is continuous in time with values in L? in the domain of dependence of ;.
Furthermore, for each t € [tg,to + €], a function f defined on ¥ is in L?(X) if and only if
flos@) € L*(Q4(t)), 1 <i < n and we have

£ 17200y < DT 2uy < Pl FII2(s)-
=1

Therefore
¢ € C([to, to + &; H).

Further, ¢ restricted to the domain of dependence of each ; is a solution of (30) in the sense
of distributions, so that ¢ is a solution of (30) in the sense of distributions on [tg, o + €] X 2.
(Note that the initial value condition is satisfied by definition ¢(to)|,, = ¢i(to)lo, = dol,, s0
that ¢|t:to = ¢0)

To sum up, given some initial data ¢g € H at t = s, consider T > 0 with |T'| > |s|, then
propagate the solution forward from ¢ = s, step by step on time intervals of length &, up
to t = T. Reversing time in equation (30) allows us to propagate backwards in exactly the
same manner down to t = —7. This guarantees the existence and uniqueness of solutions
of (30) in C([-T,T);H) for each T > 0, i.e. the global Cauchy problem for (30) is solved
independently of the topology.

12



Furthermore, on each domain of dependence and small time interval there is a unique
local propagator U;(t,s) satisfying properties (a), (b), (¢), and (d). The local uniqueness
allows us to patch the U;’s together and to construct a global propagator which we denote
U(t,s), t,s € R, satisfying properties (a), (b), (c¢), and (d).

FEaxtension to perturbed Hamiltonian
We give a general result of well-posedness of the Cauchy problem for a class of perturbations
of (30) and prove that Q1 and Q5 fit into this class.

Proposition 5.2 Given Q € L}, . (Ry; L(H)), the Cauchy problem for the perturbed equation
O = iAt)o + Q(t)o (34)

is well-posed in H in the sense that, Vs € R and Voo € Hs, equation (34) has a unique
solution ¢4(t) such that

¢s(t) S C(Rt;H)u qbs‘t:s = ¢0‘ (35)

The propagator for equation (34) W(t,u) : ¢s(u) — ¢s(t) is a continuous semi-group on
H satisfying properties (i) and (ii) of theorem 1.

The proof of proposition 5.2 is a standard fixed point argument. It is included for complete-
ness as a second appendix.

In order to solve the minimum regularity Cauchy problem for (25), we now need to check
that

Q17Q2 € Llloc (Rt’E(H)) :

The local term @1 simply involves multiplying the components of ¢ by spin-coefficients,
components of the extrinsic curvature and N44', all of them multiplied by the lapse function
N. With our hypotheses on the metric, all these quantities are in C°(Ry,C{(X)). Hence, we
have immediately

Q1 € C° (Ri; L(H)) = Lipe (Re; L(H)) - (36)

The non-local potential ()5 results from the application of a non-local operator to a spinor

YD
—2D(ap(D~")8)¢p

where tp is obtained by contracting ¢ with quantities in C°(R;,C}(X)). Consequently, the
operator
¢+ ¥p = NKpprad® @ + N'¢yp

is in C(Ry; L(H; L?(32;C?))). Moreover, using proposition 5.1, we see that the non local

operator belongs to the space
C(Ry; L(L*(X;C?); H)).

This implies that the non-local potential Q2 has the following regularity
Q2 € C°(Ry; L(H)) — Lige(Re; L(H)), (37)

and this concludes the proof of theorem 1. O

Proof of theorem 2:

We follow the same steps as for theorem 1. We take the metric to be of class (k,9), k > 4,
0 > —1/2. We first solve the Cauchy problem in H™, 1 < m < k — 3, for the free equation
(30) on a topologically trivial space-time. In this case, using global coordinates (¢, %) on
R x R3, equation (30) has the form




where the 4 x 4 matrices a’ are hermitian and with entries in C' (Rt;C;f*FQ(Ri)) for 0 <

[ < k — 2. The well-posedness of the Cauchy problem in H™, 1 < m < k — 3, for such

symmetric hyperbolic systems can be found in, for example, Racke, 1992, [12], theorem 3.3

(for m large enough); or the proof of theorem 6.4.5 in Jerome, 1984, [5] can be adapted using

the identifying operator S™ = (Id — A)™/? from H™(R?) onto L?(R?) instead of S from H*

onto L2 Hence, we see that the propagator {U(t,s)} for equation (30) satisfies the stronger

version of properties (a), (b), (¢), (d):

(a) U is strongly continuous on R? to £(H) with U(t,t) = Id.

(b) U(t, s)U(s,m) =U(t,T).

(c) U(t,s): H™(Z;C*) — H™(X;C*) for 1 <m < k — 3, and U is strongly continuous on
R7, to L(H™(%;CY)).

(d) %L{(t, s) = tA()U(t, s), %L{ t,s) = —ild(t,s)A(s) which both exist in the strong
sense in L(H™(X;C*); H™1(3;C*)), 1 < m < k — 3, and are continuous on R7 | to
L(H™(%;CY); H™1(3;CY)).

Just as in the proof of theorem 1, we can show that U(¢, s) satisfies (a), (b), (¢’), (d”)

when ¥ is topologically non trivial using the finite propagation speed for equation (30) and
localizing the study in domains of dependence of topologically trivial open sets.

We now give, as before for minimum regularity solutions, an existence and uniqueness
theorem for solutions in H™(X), 1 <m < k — 3, to a wide class of perturbations of (30).

Proposition 5.3 Given an operator
Q € Lj,. (Ry; L(H™(E;CY))), for m such that 1 <m < k—3, (38)
the Cauchy problem for the perturbed equation

0rp = iA(t)¢ + Q)¢ (39)

is well-posed in H™(X;C*). More precisely, for s € R and ¢o € H™(X;C*), equation (39)
has a unique solution ¢ such that

¢ € C(Rﬁ Hm(z; C4))a ¢|t:s = ¢O~ (40)

The propagator for equation (39) W(t,u) : ¢s(u) — ¢s(t) is a continuous semi-group on
H satisfying properties (i), (i) and (iii) of theorems 1 and 2.
Further, if Q is assumed to be continuous in time, i.e.

Q €C (Ry; L (H™(S;CY))

for m such that 1 < m < k — 3, then W satisfies a property analogous to (iv) in theorem 2:
%W(t,s) = (1A(t) + Q(t))W(t, s), %W(t,s) = —W(t,s)(tA(s) + Q(s)). Both derivatives
exist in the strong sense in L (H™(%;C*), H™1(3;C*)) and are continuous on R to
L (H’”(Z;(C4),Hm_1(2;(c4)).

The proof of proposition 5.3 can be found in appendix 2 after the proof of proposition 5.2.
Thus it remains to show that, with greater regularity we have assumed of the metric, @,
and @9 are suitably bounded operators. Since the metric is of class (k,d), 6 > —1/2, the
potential Q; is a multiplication operator by quantities in C! (IRt;Cl’f*l*?’(E))7 0<I<k-3
so that
Q1 €C (Ry; £ (HF'73(%;€Y)), 0< 1< k-3,

The multiplication part of the non-local potential @5 is

¢ — p = NKpprad® % + NP¢ip
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and is in C! (Rt;ﬁ (Hk’l’?’(Z;(C‘l); Hk*l’3(E;C2))), 0 <1 <k — 3, for the same reason as
for @)1. Using proposition 5.1, we see that the non-local operator in Q2

Yp — —2Dap(D ") eyvp
belongs to
C(Ry; £ (HF173(x;,C?); HF173(8;¢Y)), 0< 1< k- 3.
Consequently, the potentials ()1 and @2 both have the same regularity

Q1,Q2 € C'(Ry; £ (HF'73(%;€Y)), 0< 1< k-3, (41)

In particular, for 1 < m < k — 3, the potentials Q; and Qs belong to C(Ry; L(H™(X; C*))).
This guarantees the well-posedness of the Cauchy problem in H™(3;C*) for equation (25)
thanks to proposition 5.3, and the fact that the propagator V satisfies properties (iii) and

(iv).

Now, for 0 <1 < k — 4, the first order operator A(t) satisfies
A(t) € C (Ry; £ (HF173(5; ) HMH4(5;C)) . (42)

Using this and the regularity of @)1 and @2, we read in an obvious manner directly from
equation (25) that the solution ¢5 € C(Ry; H™(X)), 1 < m < k — 3, associated with some
initial time s € R and some initial data ¢9 € H™(X), has in fact the additional regularities

¢s €C' (R H™H(Z;CY), 0 <1< m. (43)

This concludes the proof of theorem 2. O

6 The constraint equations

In this section we construct the projection operator onto the subspace of solutions to the
constraint equation (6). We denote by D the constraint operator on a space-like hypersurface
S, teR

D:¢=¢anp— Do=D"o a5 (44)

considered as an unbounded operator from H to L2 (Z; (Cz).

Theorem 3 If the metric g is of class (4,6), 6 > —1/2, and satisfies (H), the operator
P(t)=1-D*(DD*)"'D (45)

is well-defined and bounded on H. It is the orthogonal projector onto the closed subspace of
H:
Ki={¢ € H;D¢ = 0} (46)

and consequently |P(t)|| = 1 provided K, # {0}.

Proof of theorem 3: The main problem in the definition of the projector P is to show
that (IDID*)~! exists. We do this by showing that DID* is injective on C§° (3;C?). For
o € Cf° (Z; (Cz),

(0, DD ) 2 () = | D" |3, (47)
so it is sufficient to prove the injectivity of ID* on C§° (E; (CQ). If o € C§° (E; (C2) is such that
D*a = 0, a must be a 3-surface twistor because, reintroducing indices (flipping the primed

index with 744") we have
Do = D(ABac). (48)

The compact support of « then entails a4 = 0 (in Tod (1983) it is shown that a solution to
the 3-surface twistor equation, together with its first derivative, satisfy a transport equation
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so that, if it vanishes together with its first derivative at a point, it vanishes everywhere).
Hence, DID* is a bijection from C§° (E; (CQ) onto the subspace of L? (E; (C2):

Ran(DD*)ce = {DD*o; o € Cg° (3;C%)} € € (2;C?) . (49)

Note that Ran(]D]D*)cgo is only a set of continuous functions because of the weak regularity
of the metric. We now introduce the subspace F of ‘H defined by

F=K& Ran(]D*)cgo (50)

where
Ran(D*)¢e = {D*a; a € C§° (%;€%)} cch (). (51)

We have obviously
DF = Ran(IDD*)cee

since DIC = {0} by definition, which allows us to define P on F. Moreover, Ran(ID")cg is

dense in Kt since if ¢ € H is orthogonal to Ran(ID*)cge, we must have ¢ € K. Hence F is
dense in ‘H and is stable under P. We have

P:F—K, Plg=Idg, P‘REH(D*)CSO =0. (52)
Thus we can define P? on F and we see immediately that
P?=P onfF. (53)

Properties (52) and (53) together with the self-adjointness of P on F and the density of F in
‘H show that P can be extended in a unique way as a bounded self-adjoint operator from H
to itself. This operator, which we still denote by P, is the orthogonal projector onto X and
its norm is 1 provided K # {0}. The orthogonal projector onto K+ is 1 — P and its norm is
1 since

K+ =Ran(D%)¢ # {0}. O (54)

Remark 6.1 We have seen in section 3.2.3 that the quantity C s, which is proportional to
the constraints, satisfies the differential equation

Vo (NCA’) FV2ENCA = 0.

Thus if C4A s zero initially, it remains zero and, conversely, if C4' is non zero initially, it
remains non zero. A consequence of this result is that if the initial data ¢g at time s belongs
to the constrained subspace K, then at each time t, the solution ¢(t) belongs to K;.

7 Conclusion and perspectives

7.1 Analytic aspects

Concerning the purely analytic aspect of this work, one would like in the short term to
improve the results in two ways:

o The maximal reqularity of the solution in terms of the reqularity of the metric. As things
stand, for a metric of class (k, ), k >4, § > —1/2, i.e. belonging to C! (Rt;Hgfl(E)),
0 < I < k, the highest regularity we obtain for the solution is C' (]Rt;Hk*l’?’(E)),
0 <1 <k —3. This loss of three degrees of smoothness has two causes. The nature
of the equation entails the loss of one degree because the potentials are derivatives of
the metric. The other two degrees are lost through the use of Sobolev’s embedding

theorems 5 3
HED) = Ch(D), (k- 2 86+ 3
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for £ and [ integers. If, instead of considering the coeflicients of the potentials as
elements of Holder spaces (through Sobolev’s embedding results), we keep the full
information that these coefficients belong to weighted Sobolev spaces, we should be
able to prove the existence of solutions in spaces of higher smoothness using product
theorems between Sobolev spaces. In spite of the technical difficulty, a strong incentive
for doing this is the fact that the spin connection is a pair of spin 3/2 fields with only
one degree of smoothness less than the metric. One should therefore expect to be able
to define solutions with a loss of one and not three degrees of smoothness.

o Fall-off at infinity of spin 3/2 fields. We specified hypotheses on the metric in terms
of weighted Sobolev spaces because they allowed us to control the fall-off of the metric
at infinity as well as its regularity. One naturally expects to relate the behavior of
the metric at infinity to that of the spin connection. This would become crucial if we
wish to extract some information on the metric from the connection; there is no way
one could hope to control the fall-off of the metric at infinity if nothing is known on
the fall-off of the connection. For these reasons, it seems necessary to prove that the
propagator for the spin 3/2 equation acts stably and continuously on weighted Sobolev
spaces. The major difficulty would be to prove the existence in these spaces of solutions
to the principal part of the equation which we denoted

Ohp = A(t)¢.

To our knowledge, at the time of writing there are no general results addressing the well-
posedness of the Cauchy problem in weighted Sobolev spaces for symmetric hyperbolic
equations (although see page 65 of Rendall 1997). As for the potentials and the non-
local term, they would in fact be more naturally dealt with in the framework of weighted
Sobolev spaces (a large part of the complication of the proof of proposition 5.1, and
the strange space H* which we need to introduce, comes from the fact that we need to
control standard Sobolev norms and not weighted Sobolev norms).

7.2 Applications to the vacuum equations

There are a number of potential applications to the analysis of the vacuum equations. We
discuss (1) the direct analysis of the vacuum equations in the sense of proving long time
existence and uniqueness, (2) the analysis via an inverse scattering approach using the helicity
3/2 equations as a type of Lax pair for the vacuum equations. A further application that we
do not discuss here is to the definition in general relativity of twistors as charges of helicity
3/2 fields. It may well be possible to relate this to the second topic above.

7.2.1 The direct analysis

In this application we are interested in the analysis of the initial value problem for the
Einstein vacuum equations. We will assume that we are using a maximal slicing condition
in what follows as this simplifies some of the considerations.

This application arises from the fact that the spin connection can be naturally identified
with a pair of helicity 3/2 fields. One defines the spin connection by choosing a spinor dyad
e84 = (0,14), where the concrete index B = 0, 1. (The dyad is not assumed to be normalized

in the following.) We then define
YaB = (Y40,741) = (doa,dea).

The spin connection can be expressed in this spin frame as the 2 x 2 matrix of 1-forms yg.

However, we will prefer to consider it as the pair of helicity 3/2 fields, y4ap where B = 0,1.
Superficially these helicity 3/2 fields are pure gauge. However, pure gauge fields have the
form dvy where v4 — 0 at oo whereas (0,:4) must be asymptotically constant to be a
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spinor dyad. Furthermore, we have that the fields y4p have nonzero norm with respect to
the natural helicity 3/2 inner product. We have

H'YA0H2 = 2/ Yao A Yargr A dz? = lim 104doar A dz?4
oM R—oo Jsp

The expression in the middle is the Sparling three-form, the Hamiltonian density for general
relativity (Mason & Frauendiener 1991) and the right hand expression is the Witten-Nester
expression for the total energy in vacuum of the gravitational field (Witten 1981, Nester
1983, Mason & Frauendiener 1991). Thus the norms of these fields are null components of
the ADM energy momentum 4 vector and vanish iff the space-time is vacuum (assuming that
it is also asymptotically flat at space-like infinity).

The gauge freedom absorbs the freedom of choice of a spin frame, and the gauge choice
of the preceding sections leads to the imposition of the Witten equations on the spinor
dyad. There are precisely two independent asymptotically constant solutions of the Witten
equation (Parker & Taubes 1982). As the trace of the extrinsic curvature vanishes, these can
be taken to be SU(2) conjugates, 14 = T4 64/, as the Witten equation is then self-adjoint.
We will henceforth assume that we have chosen a maximal slicing and that (04,:4) have
been chosen to be SU(2) conjugates. [There is a possible problem here in that the dyad
could fail to be linearly independent at some points in the interior. This can only happen
if the function f = 1404 = TAY 0,464 vanishes at some point or points and hence if both
components of 0?4 vanish in some spin-frame. This requires the vanishing of two complex
functions and so generically this will not happen on the 3-manifold . It may be possible to
show that f does not vanish in general (at least outside an event horizon). |

Thus, the results given in the present work for Rarita-Schwinger fields also apply directly
to the constraint and evolution equations for the spin connection that follow from the vacuum
equations. Omne can think of these results as giving a priori estimates for the evolution of
the connection. It is hoped that these will be important in establishing long time and/or
large data existence theorems for the vacuum equations. The particular advantage one has
over other approaches is that one is using the physical energy of the system and that one
is working with a less complicated equation that is of lower order in the derivatives of the
metric.

7.2.2 Inverse scattering

It has been proposed by a number of authors that the Rarita-Schwinger equations can be
thought of as a linear system or Lax Pair for the vacuum equations as the vacuum equations
are the consistency conditions for these equations. The reduction of the equations given
above can be used to obtain a formulation that is reminiscent of a Lax pair but with some
important differences. The form of the evolution equations given in equation (9) is not
formally skew Hermitian when the constraints are not imposed. In order to have unitary
evolution even in the case where the constraints are not satisfied one can write the evolution
equation above in Hamiltonian form as (9; — H)¢ = 0 and then replace that evolution by
(8, — H')¢ = 0 where H' = 2(H — H') and H' is the Hermitian conjugate of H. This will
agree with the evolution above on solutions to the constraints (in fact one can check that
this merely, in effect, changes H by subtracting off the hermitian conjugate of the non-local
term which vanishes on the solutions to the constraint equations). The evolution preserves
the constraints, and hence preserves the subspace of solutions to the constraints. Thus, if P
is the projector onto the constraints, we have

[at_HI7P]:07 (55)

and this consistency condition is equivalent to the Einstein vacuum equations. This should
be compared with the Lax pair formulation of the Korteweg de Vries equation, [0, — A, L] =0
where

L=0%+2u(z,t), and A=20>+3ud,+v.
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The main difference between the two situations is that L is an elliptic operator for each ¢,
whereas P is a projector.

The main feature of an integrable system is that there should exist ‘sufficiently many’
constants of motion in involution (an infinite number in the case of partial differential equa-
tions). This arises from the operator L in the Lax pair as its spectrum is, formally, constant
as the equation [0, — A, L] = 0 implies that L evolves by conjugation (more precisely, the
constants arise as coefficients in the asymptotic expansion in the variable A about A = co of
trace(L — X\)~1). Here the spectrum of P is {0, 1} and so there are no interesting constants
of the motion. This is as it should be as general relativity is not an integrable system and
one does not expect constants of the motion over and above the ADM quantities.

The other important use of the Lax pair is in the scattering transform and its inverse.
This transform, roughly speaking, is the map from initial data u(x,t) at some fixed ¢ to
the asymptotic parts of the integral kernel for (L — \)~! as # — 4o00. Such a transform is
conceivable also in our case. It would be a map from initial data sets for general relativity
to the asymptotics at spatial infinity for the kernel of the operator P. This will be studied
in due course.

Appendix 1: proof of proposition 5.1

We denote by D the Witten operator (following the notation in [9])

YA — (D)p = Ditha (56)
and by I) the symmetrized space-like derivative
Yo +— (W) apc = Dapibey. (57)

D and 1D are respectively a contracted and a symmetrized form of the space-like part D of
the covariant derivative on (M, g). Remembering that D = D + x where  is a combination
of the extrinsic curvature, we see that D and ) are both first order operators such that
the coefficients of their first order part belong to C (Rt;C{f*l*Z(Z)), 0<!l<k-—2. From
the definition of HP, it is obvious that D is a bounded operator from HP(X) to H?~1(X).
Consequently, the first order parts of 1D and D belong to

C'(Ry; £ (HM72(2), HF173(%))), 0< 1<k —3.

Concerning the zero order parts of these two operators, their coefficients are either spin
coefficients or come from the extrinsic curvature. Using remark 4.1, we can interpret these
as elements of Cl(Rt;Czjrll_3(E)), 0<I1<k-3 a<d+3/2, a <1 In particular, since
0+ 3/2 > 0, we see that the coefficients of the zero order parts of D and ) belong to the
function spaces

C'(Ry;CF173(D)) — ! (Ry; £ (HM173(X), HFI3(D)))

— C' (Ry; £ (HM'72(2), H*173(%))), 0<1<k-3,

(the weight 1 acts continuously from L2 ; to L? and thus changes elements of HP into elements
of HP). Hence the regularity part of properties 1) and 2) is proved and we now need to
establish the invertibility of D on HP~! with values in HP at each time.

We start by showing that D is an isomorphism from H* = H!, onto L? at each time. This
property is established in [9] for smooth asymptotically flat metrics. In order to generalize
this result, we consider the metric g as a limit, in the class (k,d), of a continuous family of
smooth metrics gy, A € [0, 1], of class (00, d) and that satisfy hypothesis (H). More precisely,
this means that gy — g is continuous in A on [0, 1[ with values on C! (Rt; H;c*l(E)), 0<I<E,
and as A — 1, we have

gp—9g—0 in C'(RyHITNE)), 0<I<k
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In this manner, we interpret the operator D(t) at each time ¢ as the limit of the continuous
family of Witten operators D, () associated with the smooth metrics gy, i.e.

¥t €R, lim D(t) — Dx(t) =0 in L(HL (D), L3(D)).

Each operator Dy(t), A € [0,1[, ¢t € R, is an isomorphism from H1!,(%) onto L?*(¥). Using
theorem 6.4 in [1], we see that we only need to prove the injectivity of D(t) in order to show
that it is an isomorphism. Indeed, the operator D(t) satisfies the hypotheses of theorem 6.4
in [1]: it is an elliptic operator of the form

D(t) = Ai(t)D + Ao (t)

with Ay (t) — B € HY(Y), =3/2 < v < min(—1/2,6) (taking account of the m/r term in
the metric) where B is a C* tensor field on ¥ which is constant outside a compact set (we
can take for B the matrix associated with the first order part of the Witten operator for the
smooth background metric h) and Ay(t) € Hfj;ll(E)

In order to prove the injectivity of D(t), we first note that the identity

DYz = DYl (58)

which (see equation 5.1 in [9]) is true at each time ¢ for the operators Dy and D, associated
with gy is still valid by continuity for the operators D and D (at each time t) associated with
g- Hence, we only need to prove the injectivity of D at each time on H:, ().

Consider 1 € H!;(3;C?) such that Dy = 0. Using remark 4.2 and D2y = D(Dv)) = 0,
we have 1) € H?,(%;C?) whence 1 is continuous on . We have in fact more: knowing that
t is continuous and Dy = 0, we deduce that D is continuous and since the metric is C?
and the connection C!, this implies that 1 is of class C'. This is enough for us to apply the
proof of lemma 4.3 in [9], replacing the explicit fall-off assumptions on ¢ by the condition
P € L2(D).

Considering the point O with respect to which the quantity r(x) is calculated, we define
for p > 0 the 2-sphere

ng{er; r(z) =p}.

We can assume here that 7(z) is calculated using the metric h(t) and not k. Supposing there
is a point = € S7 such that ¢ () # 0, then by continuity, there is a whole open set O in S?
such that

da>0; VeeO, |¢)|>a.

Differentiating [|?> as was done in [9], we see that, wherever 1 is non zero, any partial
derivative of In |9 in a local basis is bounded in norm by the norm of the extrinsic curvature
at this point. From the assumption that the metric g is of class (k, ) and using remark 4.1,
we infer the existence for each e €]0,60 4+ 3/2[ of a constant C. > 0 such that, at each point
x of X

C.
rE
Consequently, at each point where 1 is non zero, for € €]0, d + 3/2], there exists K. > 0 such
that any partial derivative of In || satisfies

|Kab| S

_KE > _KE
(1472)% — rite’

O[] > (59)
‘We now place ourselves on a geodesic emerging from O and going through a point zo € O. We
express inequality (59) for the derivative with respect to r, and integrate it on the geodesic,
out from z( to a point x (r(x) > p) such that ¢ remains non zero on the part of the geodesic
between xy and . We obtain

()| > (o) exp [eKs <1 ! )] . (60)

ERREE
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By continuity, it follows that ¢(x) cannot vanish (and therefore (60) is valid) on the geodesic
from zo out to infinity. Thus, propagating O outwards along the geodesic flow emanating
from point O and using inequality (60), we contradict the fact that 1) € L2, since in this
sector of 3, we have

1
1472

(@) > (o) Peap [— Mﬂ !

|xole ] 1472

and (1+72)~! is not integrable at infinity on 3. All this proves that 1 has to be identically
ZEero on SE for any p > 0, i.e. ¢ = 0. D is therefore injective at each time on H!, (%), from
which we infer that D is an isomorphism from H',(X) onto L?(X) at each time.

We now wish to prove that D(¢) is an isomorphism from HP(%;C?) onto HP~1(¥;C?),
1 < p <k — 2. Using the fact that this property is true for p = 1, it suffices to see that the
norms ||D(¢)Y] gr-1 and ||¢|lme are equivalent. We prove this by induction. We have this
property for p = 1 and we assume it to hold for p =1,...,m—1, with 2 < m < k — 2. Taking
advantage of remark 4.2, we use the definition of the Sobolev norms involving the derivative
D instead of D:

[ 1Em = 19 fm—s + D™ ][
and (at least locally), 0% denoting a partial derivative of order |a| with o a multi-index,
2
ID™%22 = > [9°D¥llz. .
|a]=m—1

We have
0Dy = D (0%¢) + lower order terms.

The squared norms of the terms of lower order but still at least of order 1 can be estimated
by

c Y 0"yl

1<|a|]<m—1

and the term of order 0 which comes from the derivation of spin coefficients and the extrinsic
curvature is estimated by (using the fall-off of these quantities at infinity)

Ol -

Hence, we have

[l < C [Il22, + S 10003 | + 10l + S IDE@)3-

1<]a|<m-—1 |la]=m—1

Using (58) and the definition of H™~1!, this inequality becomes
[$En < ClelEm—1 + D (D@7
|la]=m—1

Again, we can write
D%y = 0Dy + lower order terms

where the norm of the lower order terms is controlled by ||t||gm-1. Finally, we obtain the
inequality

ol < ClllGn— + > 10*(DY)]7.

|la]=m—1
and using the equivalence of ||¢||gm-1 and [|DY|| gm—2 gives
[/l < CIDY ) s
The other inequality has already been obtained by the continuity of D from HP to HP~1,
1 < p <k — 2. This proves proposition 5.1. O
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Appendix 2: Proof of propositions 5.2 and 5.3

Proof of proposition 5.2:
In order to use a fixed point method, we express equation (34) with the specification of initial
data

Pli=s = ¢o € H (61)

as the integral equation

o(t) = Sp(t), where SG(t) =U(t, s)do + / U(t, 7)Q(r)o(r)dr. (62)

A function ¢ € C([s, T], H) satisfies (62) if and only if it is a solution of (34) in the sense of
distributions and it satisfies the initial data condition (61). The space C([s,T]; H) is stable
under the functional S and for |T' — s| small enough, S is a strict contraction on the closed
ball

Bsr.p, ={¢ € C[s, TI;H); [6(t)ll2 < 2[loll2 V€ [s,TT}.

By a standard argument, this guarantees the existence of a unique fixed point of S in
C([s,T); H) for |T — s| small enough. Furthermore, using Gronwall’s lemma, the uniform
boundedness of U and () on each compact time interval entails a uniform a priori bound
on ||¢(t)]l# on each compact time interval. This is enough to prove the existence on the
whole time axis of the solution ¢, of (62) with values in H and there is a continuous function
K : R? —]0, +oo[ such that

65 ()l < K(t, )l dollae, Vs €R. (63)

Denoting
(bs (t) = W(ta S)¢0a
the family of operators {W(t, s)} satisfies

W(t, s)W(s,r) = W(t,r)

by local uniqueness of the solution and for each (t,s) € R?, W(t,s) € L(H) as an obvious
consequence of (63) and of the linearity of the equation. The strong continuity of W on
R? to L(H) and the fact that W(t,t) = Id are entailed by the strong continuity of & and
U(t,t) = Id on the one hand and on the other hand by the fact that the norm in £(H) of
the integral term

o — / U(E, $)Q(r)bs (1)

goes to zero when |t — s| — 0, which is an immediate consequence of (63) and the locally

uniform bounds on I/ and Q. O

Proof of proposition 5.3:

It is mostly identical to the proof of proposition 5.2 after replacing the space H by H™(X; C*).

Only the last property (analogous to (iv) in theorem 2) is new and needs to be checked.
Following (62), the propagator W can be expressed implicitly as:

W(t,s) =U(t, s) +/ U, T)Q(T)W(T,s)Id dr.

Consequently, the difference quotients for h € R
W(t+h,s) —W(t,s) W(t+h,t)—Id

1 _ —
Wh = h - h W(t, 5)
and w h) —W W h) —Id
W = ULES }); (t,s) =W(t,s) (S’Hh ) ;



take the form:

and

— {L{(t+h,t)—fd 1

t+h
h + h /t U+ h,T)Q(T)WV(r,t)Id d’]‘} WL, s)

_ I 1 S
W2 = W(t, s) {U(S’Hh)d += [ UG DQEW(r, s+ h)Id dT} .
h h Jsin
We know from property (d’) of U that, as h — 0,
1 — 1
Ut+ht)—Id hf;t) d i) ana Y5 Eh—Td +hh) 4 iAs)

in £ (Hm(E;C4), H™ (% (C4)). As an obvious consequence of the continuity of U/, @ and
W, we also have as h — 0

and

1 t+h
i [ Ut DRI i — Q) i £ (H"(3iCY)

% ) U(s, 7)Q(T)W(1,s + h)Id dr — —Q(s) in L (H™(Z;CY)).
s+h

This together with

UWeC (R} ;L (H™(Z;CY)) , AeC(RyL(H™(Z;CY, H™(5;€Y))

establishes the last property in proposition 5.3 and concludes the proof. O
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