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HERTZ POTENTIALS AND ASYMPTOTIC PROPERTIES OF MASSLESS
FIELDS

LARS ANDERSSON, THOMAS BACKDAHL, AND JEREMIE JOUDIOUX

ABSTRACT. In this paper we analyze Hertz potentials for free massless spin-s fields on the
Minkowski spacetime, with data in weighted Sobolev spaces. We prove existence and pointwise
estimates for the Hertz potentials using a weighted estimate for the wave equation. This is then
applied to give weighted estimates for the solutions of the spin-s field equations, for arbitrary
half-integer s. In particular, the peeling properties of the free massless spin-s fields are analyzed
for initial data in weighted Sobolev spaces with arbitrary, non-integer weights.

1. INTRODUCTION

The analysis by Christodoulou and Klainerman of the decay of massless fields of spins 1 and
2 on Minkowski space [I0] served as an important preliminary for their proof of the non-linear
stability of Minkowski space [I1]. The method used in [I0] was based on energy estimates using
the vector fields method, see [I9]. This approach was extended to fields of arbitrary spin by Shu
[32]. The approach of [I1] to the problem of nonlinear stability of Minkowski space was later
extended by Klainerman and Nicolo [22] to give the full peeling behavior for the Weyl tensor
at 7.

The vector fields method makes use of the conformal symmetries of Minkowski space to derive
conservation laws for higher order energies, which then via the Klainerman Sobolev inequality
[21] give pointwise estimates for the solution of the wave equation. An analogous procedure is
used for the higher spin fields in the papers cited above. This procedure gives pointwise decay
estimates for the solution of Cauchy problem of the wave equation and the spin-s equation, for
initial data of one particular fall-off. The conditions on the initial data originate in the growth
properties of the conformal Killing vector fields on Minkowski space, which are used in the
energy estimates.

Let HJ be the weighted L* Sobolev spaces on R*. We use the conventiondl] of Bartnik [].
Consider the Cauchy problem for the wave equation

a¢ =0, (1.1)
¢‘t:0 = f7 8t¢|t:0 = g
Then, for j > 2 one has the estimate [19]
lp(z,t)| < C<U>71/2<U>71(Hf||j,73/2 +gllj-1,-5/2) (1.2)

where <u> = (1 +u?)Y?, u = $(t-r) and v = £(t + 7). On the other hand, if one considers the
wave equation (LI]) on the flat 3+1 dimensional Minkowski spacetime as a special case of the
conformally covariant form of the wave equation

(V'Vq+ R[6)p =0,
the condition on the initial data which is compatible with regular conformal compactification is
o' f=007", dg=00"" (1.3)

Since we shall use the 2-spinor formalism, we work here and throughout the paper on Min-
kowski space with signature + — ——. Making use of standard energy estimates in the conformal
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compactification of Minkowski space, one arrives after undoing the conformal compactification,
at

oz, t)| = O (<u>""<v>™") (1.4)
see the discussion in [I7, §6.7]. In particular, there is an extra r~/2 falloff in the condition (L3)
on the initial data as well as an additional factor <u>"1/2 decay in the retarded time coordinate

w in (4] compared to (2.

Let us now consider the case of higher spin fields. Let 2s be a positive integer and let ¢4 g
be a totally symmetric spinor field of spin s, i.e with 2s indices. The Cauchy problem for a
massless spin-s field is

Valoa r=0,
GA.F,y = PA.F-

For s > 1, the Cauchy datum ¢ 4. must satisfy the constraint equation
DBpap p=0

where D 4p is the intrinsic space spinor derivative on X, see section Il The spin % case does
not have constraints.

One of the main differences in asymptotic behavior between a massless scalar field satisfying
a wave equation and a massless higher spin field is the existence of a hierarchy of decay rates
for the different null components of the field along the outgoing null directions. This was first
pointed out by Sachs in 1961 [31].

Let 04,14 be a spin dyad aligned with the outgoing and ingoing null directions 0,,d,,, and
let ¢; be the scalars of ¢4 r, defined by
Ai,, Bis .,

Ay, Bas

A IERYe) 0

$i = PA,..AiBiyy...Bast
One says that ¢ 4. satisfies the peeling property if the components ¢; satisfy
¢i _ O(Ti—Zs—l)’

along outgoing null geodesics.

In [29], Penrose gave two arguments for peeling of massless fields on Minkowski space. The
first, cf. [29] §4], makes use of a representation of the field in terms of a Hertz potential of order
2s, i.e. the field is written as a derivative of order 2s of a potential satisfying a wave equation.
Penrose assumes that the Hertz potential decays at a specific rate along outgoing null rays. He
then infers the peeling property from this decay assumption.

The second approach presented by Penrose, cf. [29, §13], is based on the just mentioned fact
together with the conformal invariance of the spin-s field equation. Solving the Cauchy problem
in the conformally compactified picture, as was discussed for the wave equation in [I7, §6.7],
and taking into account the effect of the conformal rescaling, one recovers the peeling property
for the solution of the massless spin-s equation on Minkowski space. Based on this analysis,
Penrose conjectured that peeling for fields at Z should be a generic property of asymptotically
simple space-times.

The estimate proved in [I0] for the spin-1 or Maxwell field, can be stated in the present
notation as

|3(t, )| < C<us P cu>i=3pup lj-5/2, for =1,2

while for the component ¢ one has

lpo(t, )| < C7“75/2H80ABH]',—5/2

along outgoing null rays. Thus, this result does not give the peeling property for all components
of ¢ 4p, which is due to the fact that the norm ||pap|; __5/2 is not compatible with the conformal
compactification of Minkowski space. Similarly for the spin-2 case, the result in [10] gives

peeling for ¢;, i = 2,3, 4 for initial data in Hz while peeling fails to hold for ¢;, i=0,1. On

7/20
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the other hand, the condition on the initial datum which is compatible with a regular conformal
compactification, and which hence also gives peeling, is for a spin-s field

. p=0(r 2720 (1.5)

In this paper we shall follow an approach outlined by Penrose in [29] §6] to give a weighted
decay estimate for spin-s fields of arbitrary, half-integer spin s. The result proved here admits
conditions on the initial data which include the ones considered in [10} [32], as well as conditions
which are compatible with peeling, but also general weights. The results of this paper clarify
the relation beween the condition on the inital datum and the peeling property of the solution
the spin-s field equation. In this paper we shall make use of some estimates for elliptic equations
in weighted Sobolev spaces, and for technical reasons these are not compatible with the integer
powers or 7 as in ([L3)).

The method we shall use is based on the notion of Hertz potentials. For background, see
Stewart [35], Fayos et al. [14] and references therein, see also Benn et al. [6]. Since Minkowski
space is topologically trivial, there is no obstruction to representing a Maxwell field on Minkow-
ski space in terms of a Hertz potential. However, this general fact does not provide estimates
for the potential. In this paper we prove the necessary estimates not only for the Maxwell field
but for fields with general half-integer spins.

To introduce the method we consider the spin-1 case, i.e. the Maxwell field on 3+1 dimen-
sional Minkowski space. With our choice of signature, the metric on the spatial slice is negative
definite.

The Maxwell field is a real differential 2-form F}; which is closed and divergence free. For
convenience we consider the complex self-dual form

fab:Fab_i*Faba

which corresponds to a symmetric 2-spinor ¢4p via

Fab=PABEA B (1.6)
In terms of F,p, the Maxwell equation is simply
(dF)ape = 0. (1.7)

Let £ = (0;)® be the unit normal to the Cauchy surface ¥ = {t =0}. Given a complex 1-form
&, on X, with divergence zero there is a unique solution of the Maxwell equation such that

(Fabgb)‘z =&,

Now let H,p be an anti-self-dual 2-form which solves the wave equation
OHap =0, (18)

where O = dd* + d*d is the Hodge wave operator, and d* = *d* is the exterior co-derivative.
Defining the form F,, by

Fap = dd* Hap, (1.9)
we have using (L8] that Fy is self-dual, and solves the Maxwell equation. The form H is called
a Hertz-potential for F,p. Since we are working on Minkowski space, the wave equation (LS]) is
just a collection of scalar wave equations for the components of H;, and hence the solution to
(L8) for given Cauchy data can be analyzed using results for the scalar wave equation. Thus,
if we are able to relate the Cauchy data for the Maxwell field F,; to the Cauchy data for H,,
we may use the Hertz potential construction to prove estimates for the solution of the Maxwell
field equation, starting from estimates for the wave equation.

Let the complex 1-form K, be the “electric field” corresponding to Hp,

lCa = ,Habgb'

A calculation shows that if Fy, is defined in terms of H,, by (L9)), the Cauchy data for (LJ]) is
related to the Cauchy data for F, by

Eo=—d*dlC, +1%dOC,, (1.10)
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where in the right hand side we restrict X, and 0;K, to X, and d, * act on objects on . The
constraint equation d*&, = 0 holds automatically for &, given by (LI0). A

Now, in order to prove estimates for the Maxwell equation with data &, € H, satisfying
+1

.1 such that
Ea=i*dL,. (1.11)
Then taking H,p to be a solution of (L§]) with Cauchy data
Hapl,_o =0, (OHas")|,_y = Las

gives a solution to the Maxwell equation via ([L9]). Estimates for the wave equation can thus
be applied to give estimates for the solution of the Maxwell field equation.

The operator *d acting on one forms, which appears in (LI0) and (LIIJ) is simply the curl
operator. This is a special case of the operator oy,

(¢as®)ap..r = Da%dn. ma

acting on space spinors of half-integer spin s, see Definition 2 ITIbelow. Below in Proposition &7,
we shall prove that for non-integer weights § > —4, *d : Hg:ll - kerd* n Hg is a surjection, and
the estimate

d*& =0, it is sufficient to show that for any such &, there exists a 1-form £, € H g

[£alj+1.801 < CllEalljs (1.12)

holds, for some constant C'. However, for § < —4 the operator *d is not a surjection to ker d*,
i.e. the space of solutions to the Maxwell constraint equation, but to a subspace of finite
codimension, which we characterize, see section This result is based on ideas from Hodge
theory, in particular we make use of the fact that the operators d, *d, d* form an elliptic
complex, closely related to the de Rahm complex, see section Bl In Proposition 7 we give
the proof for the spin-1 case in terms of space spinors. This gives an outline for the treatment
of the general spin-s case which is given in Proposition 8 The latter result is based on a
generalization of the above mentioned elliptic complex to higher spin fields and on expressions
of powers of the Laplacian in terms of the corresponding operators. '
It is instructive to consider two special cases. First we consider the case &, € kerd* n H’ 52
which corresponds to the case considered in [I0]. In this case, the Cauchy data for the Hertz
potential is in H7*2 x HITL  Since the Laplacian A = dd* + d*d is a surjection HIY [/

-1/2 -3/2° -1/2 -5/2
it is straightforward to show using the fact that the ranges of d and *d are L? orthogonal,
and d* = d = 0, that *d is a surjection Hfg/IQ - kerd* n Hz5/2. Secondly, we consider the case

€, ekerd nH’,

is in H z 5/22 x H z g/lz The relevant fact about the Laplacian is now that A : H Z §/22 - H z 72 is
Fredholm with cokernel consisting of constant forms. Since a constant form &, is automatically
closed, it is also exact, §, = df for some f. Hence, the cokernel of A is automatically L?-

orthogonal to kerd* n Hf7/2. Using this fact, it follows that =d : Hfg/g - kerd* n Hf7/2 is a

where full peeling holds. In this case, the Cauchy data for the Hertz potential

surjection.

The argument for the higher spin case follows the same outline. However in that case, for
spin s, one must consider a power of the Laplacian Alsl and a decomposition of this in terms
of fundamental operators introduced in section

The existence of a solution to (LII]) with an estimate (LIZ]) is then used together with a
weighted estimate for the solution of the wave equation with initial (f,g) € HJ x H, g:ll for non-
integer 0. As we have not found a sufficiently general result in the literature, in particular which
covers the range of weights § > —1 which we need for the applications to the Hertz potential in
the range where full peeling fails to hold (including the situation considered in [10]), we prove
the required result in section Bl This result consists of a direct estimate for the solution of the
wave equation, using the representation formula. For § < —1 we have in the exterior region

[6(t,2)] < C<o>~ <us™ (| f 3.5 + lgl26-1)
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see Proposition
The core of the paper is the proof of the existence of a Hertz potential for all massless fields;
this Hertz potential has the form:

ba.r=Vaa. . Veex? -t where oy =0 (1.13)
For the spin-1, or Maxwell case, equation (L.I3]) takes the form
bap = VAA'VBB'XA’B’7 where O XA/B/ _0

which is equivalent, when written in terms of differential forms, to equations (LT) and (LS,
via the correspondence (LG).

The main result of the paper, see Theorem [Z.1] combines the analysis of the Hertz potential
Cauchy data in weighted Sobolev spaces with the weighted estimate for the solution of the wave
equation to provide a weighted estimate for the solution to the massless spin-s field equation.
The peeling properties of the spin-s field with initial data in weigted Sobolev spaces are analyzed
in detail. Here it is important to note that the detailed decay estimates for the components of
the massless spin-s field ¢ 4. relies on the interplay between the Hertz potential XA,“'F " which
behaves according as a solution of the wave equation. The decay properties of the components
of ¢ 4. comes about due to their relation to the derivatives of XA"“F "in terms of a null tetrad.

Overview of this paper. In section [2] we state our conventions and recall some basic facts
about elliptic operators on weighted Sobolev space. In particular we introduce the Stein-Weiss
operators divergence d, curl ¢ and the twistor operator t for higher spin fields, as well as a
fundamental higher order operator G originating in the 3+1 splitting of the Hertz potential
equation. In section Bl we use these to introduce a generalization of the deRham sequence
for spinor fields. The problem of constructing initial data for the Hertz potential is solved in
section M and this then gives the existence of Hertz potentials. In the analysis of the initial
data for the Hertz potential we make use of the space spinor formalism, see section [4.Jl The
weighted estimate for the wave equation is given in section Bl and the resulting estimates for the
spin-s fields is given in section 6. The main result is stated in section [ Appendix [Al contains
some results on G used in the analysis of the elliptic complex introduced in section [3l as well as
for the construction of the Hertz potential in section [l

2. PRELIMINARIES

2.1. Conventions. In this paper, we will only work on Minkowski space time. The spinor
formalism with the conventions of [30)] is extensively used. For important parts of the paper,
3+1 splittings of spinor expressions are performed. The space spinor formalism as introduced in
[34] is therefore used. In this case, the conventions of [3] are adopted. We will always consider
the space spinors on the ¢ = const. slices of Minkowski space with normal 744/ = V2V gurt.
Observe that a negative definite metric on the slices is used.

The Minkowski space-time (R4,77a5) is endowed with its standard connection V, = V4.
The time slice {¢t = 0} is endowed with the connection D, = D 45 defined by:

Dap = T(AA’VB)A’

where 744/ is the timelike vector field defined above. Its relation to the connection of the
ambient space-time is given by
Vaar = %TAA’at ~ P 4D yp.
The following set of spinors are then defined:
Definition 2.1. Let Sj, denote the set of symmetric valence k space spinor fields on R3.

Definition 2.2. Let 7355 denote the set of spinor fields in Sy spanned by constant spinors with
polynomial coefficients of degree <.

Observe that with § <0, P50 is just the trivial space {0}.
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2.2. Analytic framework. We introduce in this section the analytic framework which is nec-
essary to understand the propagation of the field as well as the geometric constraints. We
will use the conventions of Bartnik [4]. Even though Bartnik’s paper only gives statements for
functions, we can easily extend this to space spinors on the flat space.

We recall first the standard norms, coming from the Hermitian space spinor product:

Definition 2.3. The Hermitian space spinor product is defined via

(Carrda.r)=Ca ret,
FAwE _ AN

where T ...TFF’EA,MF, and Taar =2V aart. The pointwise norm of a smooth ¢4,

is defined via
.. = da.rd™t.
The pointwise norm of the derivatives of the smooth spinor ¢ on R3 is given by

|Dapa. r|* = 6°Dyga.. p Dyt

where 04 is the standard Euclidean metric on R3. The norm of higher order derivatives is
defined similarly.

Remark 2.4. The identity
Dapoa.r=-Dapoa. p
holds, due to the reality of the operator Dap.

Definition 2.5. The L?-norm of a smooth spinor field in R? is defined by:

%
B 2
|pa. 2= ([RS |pa..Fl| dMRB) ;

where dugs is the standard volume form on R3. The L?-norm is also defined for derivatives in
the same way using the pointwise definition above.

If u is a real scalar, its japanese bracket is defined by:
<u>=(1+ uQ)%.

The weighted Sobolev norms, necessary to describe the asymptotic behavior of initial data at
space-like infinity, are defined by:

Definition 2.6 (Weighted Sobolev spaces). Let ¢ be a real number and j a nonnegative integer.
The completion of the space of smooth spinor fields in Sas with compact support in R? endowed
with the norm

2
9’

2 d 5+32
[9a..r 55 = 3 |<lal>" 2" D |
n=0

is denoted by Hg(Sgs).

Remark 2.7. e For § = -3/2, the weighted space H93/2(825) is the standard Sobolev

spaces L*(Sas).
e The derivatives decay faster (or grow slower, accordingly to the sign of §) than the spinor

field.

Many well-known properties can be proved about these spaces — see for instance [4, Theo-
rem 1.2] for more details. The only property, crucial to obtain the pointwise estimates, is the
following Sobolev embedding ([4, Theorem 1.2, (iv)], in the specific case of the dimension 3):

Proposition 2.8. Let 0 be a real number and j > 2 an integer. Then, any spinor field in
Hg (S2s) is in fact continuous and there exists a constant C' such that, for any ¢ p in Hg (Sa2s)
[$a...p ()] < O<|>°|da...p |25,

and, in fact,
|pa..r(x)| = 0(<|ﬂ:|>6) as <|z|> - oo.
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We finally recall the following properties of elliptic operators, restricting ourself to the case
of the powers of the Laplacian. The result stated is a combination of the standard results in

4, 27, 8, 13].

Proposition 2.9. Let j,1 be non-negative integers such that j > 2l, s >0 be in %Z and § be in
RNZ. The formally self-adjoint elliptic operator of order 2l:
l j j—21
AVIE Hg (S25) — Hgal (Sa2s)
satisfies:

e its kernel is a subset of 73585; in particular, Alzs s injective when § < 0;
e its co-kernel is a subset of P§;3_5+21 ; in particular, AZQS is surjective when § > 21 — 3.

Furthermore, the following closed range estimates holds: there exists a constant C' such that,
for all spinor fields in HJ(S2s),

min (|pa..r+va_rljs) < ClALda. p|j-2s.6-25-
Ya..peker(AL )NH] (S2s)
Remark 2.10. e In the range of weights [-1,0], the operator A is both injective and
surjective.

e The use of the closed range estimate usually comes with an infimum (see [I8, Theo-
rem 5.2]). Since this infimum corresponds to the distance to the kernel ker(AL,), which
1s closed, this infimum is in fact attained.

o We recall here that, due to its self-adjointness, the co-kernel of Aés mn Hg:;ll(Sgs) 18

L?-orthogonal to the kernel of AZQS i the dual space H:gjgigl(szs).
e The dimension of the spaces can be computed explicitly — see for instance [25]. However,
for our purpose, we do not need to know the dimension.

2.3. Fundamental operators.

Definition 2.11. Let ¢4,..4, € Sk, that is ¢a,..a, = P(a,..a,)- Let Dap be the intrinsic Levi-
Civita connection. Define the operators dj, : S = Sp_9, ¢k + S = S and €, : S - Spi9
via

(dk¢)A1---Ak_2 = DAkilAk(bAL..Aka
_ B
(Crk‘gb)AlAk = D(Al ¢A2...Ak)B’
(E6P) Ay Aprs = DA 4,045 Ay o)
These operators will be called divergence, curl and twistor operator respectively.

We suppress the indices of ¢ in the left hand sides. The label k indicates how many indices
it has. The importance of these operators comes from the following irreducible decomposition
which is valid for any k > 1

k
Dayayas. Aps = Ckd)Ar Ares — 55641 (A3 (ChP) Ar. Agan) Ao

k 1-k
T T2€A2(As (dk¢)A4---Ak+2)A1 T 1Tk CAL(As (dk(ﬁ)A4---Ak+1 €Aps2)Az-

This irreducible decomposition follows from [30, Proposition 3.3.54]. Contraction with es and
partial expansion of the symmetries give the actual coefficients.

Lemma 2.12. The symbol o,(c}) of ¢k is Hermitian and has only real eigenvalues.
Proof. By definition we have
(02(C)P) .. = X4, " bas. a) B>

where X 4p is real, i.e. XAB = -Xap. For arbitrary £4,..4, and (4,..4,, we have

((02(R)E) Ay Car i) = Xa B€ay a,BCH M = €4y a, 5 X OB (o, A2

=(€a,.. 445 (02(C%)C) Ay, )-
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Hence, the symbol o, (%) is Hermitian and, by the spectral theorem, it has only real eigenvalues.

O

The operators di, ¢ and f; are special cases of Stein-Weiss operators. We refer to [7] and
references therein for general properties of this class of operators.

2.3.1. Important higher order operators. The most important higher order operator is clearly
the Laplacian A = DDA, Observe that we are using a negative definite metric on R which
affects the definition of A. When the Laplacian acts on a spinor field ¢ 4. g in Sy, we will often
use the notation (Ag®)a.. r, where k indicates the valence of ¢4 p.

Definition 2.13. Define the order k —1 operators Gy : S — Sy, as

k-1
— 2 k -n Bl Bk72n71 n
(gk(b)AL..Ak = z%) o+ 1 (_2) D(A1 "'DAlc—2n—1 (Ak¢)Ak—2n---Ak)Bl---Bk—2n—1'

k—2n-1
The first operators are
(G19)a = ¢a,
(G20)aB = 2D (4% bpyc = 2(c20) B,
(G30) apc = 3Da” D" dcypr — 2(As3¢) anc
= 2(t1d30) apcp +4(C3¢30) aBc,
(G40)acp =4D 4" D" Do ¢pyrrr — 2D (4" (A4 pepyr
= 2(tadsc49) aBcD +8(Cacscsg) ABCD-

These operators naturally appear in Proposition .1l The most important properties of these
operators are diGr = 0 and Gptr_o = 0, which is valid for any k > 2. The main idea to prove
this is to use that dG and Gifr_o contains derivatives of the kind D¢ Dpo = %eABA. For a
complete proof see Proposition The operators G, also commute with ¢; this is proven in
Proposition [A.1l

To relate these operators with elliptic theory, we express appropriate powers of the Laplacian
in terms of the G;, operators as

(A5,8) 4y A = (B2 For-2dapd) Ay ag, — (-2)' 7 (Goncor®) Ay A (2.1a)
(AS D) Ay g = Eor1 Fob 1dope10) Ay A + (—2) " (Gors10) Ay Aysr s (2.1b)
where the operators Fo, are defined via

L] Lslm ( 25 + 2

. _ 2—25 ) 2\

X D(AlB1 “.DA2nBQn (A£ZJ7n¢)A2n+1...AQS)Bl...BQn'

2n

The first operators are
(Foo) = ¢,
(Fid)a =3¢a,
(Fad)ap = H(A2d) ap - 2D Dy’ dcop.

See Lemma [A 4] in the appendix for the proof of (ZIal) and (2.1L).

The operator 5 is the spinor equivalent to the operator *d acting on 1-forms. The tensor
equivalent of the operator G, is the linearized Cotton-York tensor acting on symmetric trace-free
2-tensors. In the following section, a more detailed description of these relations is given.
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3. INTEGRABILITY PROPERTIES OF SPINOR FIELDS

A crucial part of this work relies on integrability properties for spinors. In the case of spin
1, these integrability properties are well known since it corresponds to standard integrability
properties of 1-forms. For spin 2, one has to resort to a generalization of the de Rham theory
to trace free 2-tensors, which happened to have been studied in the context of conformal defor-
mation of flat structure by Gasqui and Goldschmidt [16], whose results were extended by Beig
[5]. On R?, we prove a generalization of these elliptic sequences for arbitrary spin.

We present here the general picture of this integrability result for smooth spinors. It is well
known that for 1-forms the integrability conditions is given by the following elliptic complex

C°(R3,R) -5 A 24 AL L oo (R3 R),
whose spinorial equivalent is
S0 828 B, (3.1)

Gasqui and Goldschmidt were interested in the conformal deformation of a metric on a 3-
manifold M.

Definition 3.1. The deformation g; of a metric gg is said to be conformally rigid if there exist
a family of diffeomorphisms ¢; and of functions u; such that:
¢ g0 =€ ge.
The infinitesimal equation corresponding to this definition is given by the conformal Killing
equation:
1
,CXgQ - gTrgO(ﬁxgo)go = h (3.2)
where X a vector field on M and h is a trace free 2-tensor. The spinor equivalent of this
equation is given by
Solving ([B.2)) requires that the 2-tensor h satisfies the constraint equation. This is stated in [16],
Theorem 6.1, (2.24)] and the following proposition in [5]:
Theorem 3.2 (Gasqui-Goldschmidt). If (M,g) is a conformally flat 3-dimensional manifold,
then the following is an elliptic complex

div

L R

where AY(M) is the space of 1-form over M, S3(M,g) is the space of symmetric trace free
2-tensors and

1
(IW)ap = D(aWb)_ggachWc

(divt)g = 29" Dot s
and
R(YV)ap = eCdaD[cad]b where
Oab = D(ach/}b)c - %Awab - igabDCdecd-
Remark 3.3. e A consequence of this proposition is that equation ([B.2)) is integrable pro-

vided that
R(h)ap = 0.
e In terms of spinors, the operator Rqp reads

1

Rav =R =- Gy.
b ABCD o 4
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The spinorial equivalent of this sequence is the following elliptic complex

Sy 28,9 85, M s, (3.3)

We now state, using the fundamental operators tos_o, Gos and dss, a generalization of the
elliptic complexes ([B]) and [B.3]) for arbitrary spin:

Lemma 3.4. The sequence

t2s-2 Gos das
Sos_9 — Sas —> Sos —> S24-2,

1 an elliptic complex.

Proof. In view of Proposition [A.3] the sequence is a differential complex. It is therefore enough
to check that the symbol sequence is exact, i.e. for z € R3,

T S22 7allaga) T, Sas 7atfy) T Sos 7als) T Sos-2
This follows from the vanishing properties stated in Proposition and the expression of
powers of the Laplacian in these operators, i.e. (2.1al) and (2.1bl).
As we are working only with constant coefficient operators, we use o(-) for the symbols in
the rest of the proof in order to avoid clutter. We first notice that the relation dssGos = 0
(Proposition [AZ3]) implies:

im(o(Gas)) c ker(o(das)).
Similarly, the relations Gostos_o = 0 implies:
im(o(fas-2)) c ker(o(Gas))

We then notice that the symbol of the Laplacian AL, is an invertible symbol which is in the
center of the algebra of symbols since its expression is

o(AL ) =T
Furthermore, using the relations stated in Lemma [A.4] we have
(A5,0) Ay tse = (f25-2F2s-2250) A, A0, — (—2)"7°(GasCos) A,...no, fOr s€Z,  (3.4)
(A;;Jr%l(b)Al...Agerl = (fas-2F2s—2dos0) 4, A5, + (—2)7%78(925(?)141...1425 for s € % + 7.

Assume now that the spin is an integer. The proof in the case when the spin is a half integer
is left to the reader (the proof is almost identical). Let Y be an element of ker(o(das)). Using
formula ([B.4]), we get:

Y = o(A3) ' o(A5)Y
= 0(83,) 7 (0(tas2)o(Fasa)o(das) = (=2)' "0 (Gas)o(¢as)) Y
= —(-2)"""0(A3,) 0 (Gas)o(¢2s)Y

Since Gos and o, commute according to Lemma [AJ] and since the symbol of the Laplacian
commutes with all other symbols, we consequently get

Y = =(=2)"0(Gas ) (A3,) Lo ()Y,

that is to say that Y belongs to the image of 0(Gas). If we now assume that Y is in ker(o(Gas)).-
Using formula (34]), we get

Y o(A5,) o (A5)Y
o(A5,) 7" (0(tas-2)0(Fasoa)o(das) = (-2)' 790 (Gas ) (cs)) Y.

Since Gos and oy commute (Lemma[AT]) and since the symbol of the Laplacian commutes with
all other symbols, we get

Y = U(fQS—Q)U(Ags)710(:;.28—2)0-(({25)7

that is to say that Y belongs to the image of o(f25-2). O
10



Using the ellipticity of the sequence, it is finally possible to prove the existence of solutions
of equations involving Gos and €a5. This theorem is a direct consequence of [33, Theorem 1.4]:
Proposition 3.5. For x in R3, there exists an open neighborhood U of x such that the sequence

A(U, Sas—2) 23 WU, Sas) 25 A(U, S25) 25 A(U, Sas-),

is exact, where A(U, E) denotes the set of real analytic functions from U into E.

Remark 3.6. We in fact only need this result in the context of polynomials: the problem will
be to solve, for any real number J:

fos-20 = 1 when 1 € Ps?
and
GosE = C when ¢ e P32,

Theorem [31 ensures the local existence of solutions to these equations provided that:
Gos¥ =0 and dasC = 0.
By integration, these solutions are necessarily polynomials.

Proof. The proof of Theorem is a direct consequence of the fact that the fundamental
operators fos_2, Gos and dss are operators with constant coefficients, which consist only of
higher order homogeneous terms. As a consequence, these operators are all sufficiently reqular
in the terminology of [33] (since they have constant coefficients, cf. [33, Remark 1.16]) and
formally integrable (since they have only homogeneous terms of the highest possible order, cf.
[33, Remark 1.21]). Theorem is then a direct consequence of [33, Theorem 1.4]. O

4. CONSTRUCTION OF POTENTIALS

Consider a free massless spin-s field ¢ 4. p, i.e. a symmetric valence 2s spinor field on Min-
kowski space that solves

VA up=0. (4.1)
In this section we investigate which spin-s fields can be represented by a potential of the form
da.F=Vaa-Vppxt (4.2)

where
oy =0, (4.3)
and at the same time estimate appropriate weighted Sobolev norms of %A,'“F " in terms of

Sobolev norms of ¢ 4. p. To achieve this, a 3+1 splitting with respect to the surfaces t = const.
is performed and the standard elliptic theory is used to obtain the estimates (see for instance
[29 36], where the standard analytic integration procedure is used).

4.1. Space spinor splitting. Now, we make a 3+1 splitting of the potential equation (A.2]).
Let Taar = V/2V g4art, which is covariantly constant. The operator Dap = T(AA,VB)A/ is valid
everywhere and it coincides with the intrinsic derivative on the slices t = const.. We therefore
can consider it as an operator both on the spacetime and on a slice. Also all other operators
defined for fields on R? extend in this way to operators on fields on Minkowski space. With this

. .. 7
view, we have the decomposition TBA Vaar=Dap+ LQEABBt. Define

7

XA..F = TAA""TFF'X
The equations (L)) and (@3] can be re-expressed as
Ohpa.r=V2D" abp pyw = V2(¢250) a.r, (4.4)
(dos@)c..r =0 when s> 1,

010 xAF = —DasXA..F.
11
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For the spin % case, we immediately get
¢4 = (C1x)a+ J50xa = (Gi€1)a + 5(G10:x) 4.
This simple pattern in fact generalizes to arbitrary spin:
Proposition 4.1. The equation [@2) together with (LG) implies
BAy.. Az = (GasCsX) Ay Ap, + %(QQSatX)Al...AQS-

Remark 4.2. The property di.Gy = 0 of the operators directly gives that the constraint (das¢p)c...p =
0 s automatically satisfied for s > 1.

Proof. See Proposition [A.2]in the appendix for a proof. O

4.2. Uniqueness of solutions of the Cauchy problem for the massless free fields. A
key point which will be used later to prove the existence of a representation is the uniqueness
of the Cauchy problem for first order hyperbolic systems. For such a result, the reader can
refer either to [23] or [0, Appendix 4]. That the massless spin-s field equation has a first order
symmetric hyperbolic formulation follows immediately from Equation (£4]) and Lemma 212

{ VA a =0, 7
PA..Fl=0 = PA..F. '
It is important to note that the initial datum ¢4 for such a Cauchy problem has to satisfy a
geometric constraint (which will be in the sequel referred to as the constraint equation for the
initial datum) given by:
DY pupc..r = (dasp)c..r =0 (4.8)
A key ingredient of the work is the uniqueness of the solution of the Cauchy problem (Z.7]):

Lemma 4.3. Consider a spinor field pA.. p in LIQOC(SQS). Then the Cauchy problem ({LT)) admits
at most one solution.

Proof. This lemma is a direct consequence of the energy estimate. O

Remark 4.4. This lemma does not state existence of solutions to the Cauchy problem for
the massless free fields with initial datum in weighted Sobolev spaces. However, one can use the
representation theorem[.9 to obtain existence of solutions of this Cauchy problem from standard
existence theorems for solutions of the wave equation with initial data in weighted Sobolev spaces.

As explained in the introduction, one of the purposes of the paper, and a key point to obtain

a decay result for massless fields, is to construct a Hertz potential XA""F " for the solution of the
Cauchy problem (£1) such as

Ga.p=Vaa-VepX (4.9)
where the potential )ZAI"'F " satisfies the wave equation
D)ZA/"'F/ =0.

The construction of the potential )ZA""F " has to be made compatible with the standard decay
result for the solution of the wave equation and the easiest way to do so is to consider a Cauchy
problem of the potential itself. The problem is then consequently reduced to construct a set of
initial data for a Cauchy problem satisfied by the potential. This initial data for the Cauchy
problem for the Hertz potential have to be obtained from the initial datum of corresponding
massless field. This is done as follows.

It must now be noticed that, if the initial datum @4 is a space spinor, the initial data
for a Cauchy problem for SZAI'“F " will have primed indices and will consequently not be space
spinors. This is why the spinor field x 4. r, with lowered unprimed indices is introduced:

QA AN FE
12



so that the initial data for y 4. p are now space spinors and can be directly related, through
purely spatial operations, to the initial datum @4 p. Consider the Cauchy problem for the
wave equation:

OXA.Fr= 07

XA..Flt=0 = €a.F, (4.10)

dxa..Fli=o = V2Ca..p,
The construction of a potential can then be reduced to the construction of solutions to the
following equation relating the initial datum for the massless field and the initial data for the
potential:

Lemma 4.5. Let j > 2 be an integer and pa. . be a spinor field in Hg(SQS) satisfying the
constraint equation DABcpAmF =0.

Assume that there exist two spinor fields E4. p € Hg:;j(SQS) and 4. F € Hgﬁjj(&s) satisfying

0. F=(G252s6) a7+ (G2sC)a..F-

Then the only solution to the Cauchy problem ([@T) for massless free fields is given by

A F
PA..F=Vaa-VrrX ,

where YA is obtained through the Cauchy problem (@IQ) for xa..r with the initial data
(6a..F:CaF)-

Proof. Let

Ga.r=Vaa Vet
It is a simple calculation to check that gz~5 A...F satisfies the massless field equation of spin s (see
[29], for instance). Furthermore, the restriction of ¢4 p and bA._p agree on {t =0} and are
equal to @4 which lies in H g(Sgs) and consequently in Lg(Sgs). Using the uniqueness stated
in Lemma [4.3], we can conclude that both agree. O

4.3. Solving the constraints. In this subsection, we will investigate for which initial data we
can solve ([@LA). We immediately see that ¢4 r has to be in the image of Gos. Therefore, we
can without loss of generality choose {4 p =0.

The main difficulty now is to obtain an estimate

ICa..F |l j+25-1,6+25-1 < Clpa..rljs-

With an estimate like this, @a..r[;s controls the initial data for x 4. r which we evolve through
(@I0). This can be reduced to the standard scalar wave equation, for which we get decay
estimates. These decay estimates for the potential are then translated back to decay estimates
for the field ¢ 4. .

For s = %, we immediately get the desired result by setting (4 = ¢ 4. For higher spin, we need
to make a more careful analysis.

We begin with a small lemma

Lemma 4.6. Assume that oA g € Hg(Sgs) satisfies the constraint DAPps p =0, and that
ne..r € HYy §(Sas—2). Then pa. p is L? orthogonal to D apnc.. gy = (f25-21) A...F-

Proof. Let us now consider the 2-sphere Sg centered in the origin and of radius r and IB%% the
corresponding ball and proceed with integration by parts as follows:

/1832 oa. . pDABRCF)dpps = - /gz <PA...F7”LABﬁC"'FdMgg _ [BQ DAB(PA...FﬁC"'Fd,ugg,

T

where n? is the outward pointing normal to the sphere S2. The volume integral is vanishing

since @ 4. p satisfies the constraint equation. Due to Proposition 2.8 the boundary integral

behaves like:
‘ fSQ pa.en P dpgy

where €(r) goes to zero as r grows to co. Hence, w4, r is L? orthogonal to Dapne..ry- U

<Ce(r)yr’r %2 —0asr— oo

13



4.3.1. The spin 1 case.

Proposition 4.7. Let § be in R\Z, j a positive integer, o op in Hg (S3) such that DBy, p = 0.
If 6 < -4, we furthermore assume that pap is La-orthogonal to the space Eq s, defined by;

Ey 5= ((ker Ag) N (ker ¢y)) n L25_5(S2).

Then there exist a spinor field (ap € Hg:ll(Sg) and a constant C' depending only on § and j
such that

wap = (G20) aB,
ICaB|j+1,6+1 < Clpan

j75'

Proof. First we establish that ¢ 4p5 is orthogonal to ker As n L%3_ 5(S2) by using the constraint
equation and the orthogonality to Ky 5.

For ¢ > -4, the set Eq ; is empty because ker Ay n ng_ 5 (S2) only contains constant spinors
times polynomials with degree < -3 — 4§ < 1, i.e of maximal degree 0. They are therefore in the
kernel of the homogeneous first order operator cs.

The set ker Ay n L2, 5(S2) is trivial if § > —3; we consequently assume that § < —3. Let
O be in ker Ag nkercdy N ng_é(Sg). The field 645 is then in 732<_3_5 and therefore smooth.
Furthermore it is curl-free (i.e. in ker cs). Using the exact sequence (B.1)):

to da
Sp — S — So,

it can therefore be written as a gradient Dpn = (ton)ap = 04B.

Since 6 4p belongs to 73373’5 c ng_é (S2), 1 can be assumed to belong to ?5’2’5 c H}Q_é(Sg).
Then, by Lemma .6 @45 is Lo-orthogonal to 04p.

Now, since p4p is orthogonal to Eq s, we have that ¢ 4p is orthogonal to ker Ay n L%3_5(52).
The Laplacian Ag : H g:;(Sg) - H](Ss) is formally self-adjoint and has closed range and finite
dimensional kernel — see [8] 27, 24] for details. By Fredholm’s alternative there exists a O4p €

9) such that oap = 20)AB.- e closed range gives an estimate (using Proposition :
HIT2(S h that ¢ Y The closed range gi i ing P iti

min H@;B + Y aB| 2,542 < Clvan

j+2 j75'
TABeker AQOH(JHQ (52)

Now let 045 = éAB + Y 4p achieving this minimum for a specific T 4p. Hence, there exists a
constant C' depending only on j and § such that:

||9ABH]'+2,6+2 < C”SDAB Js0-

Now, we can re-express the Laplacian As as
vaB = (A20) ap = —2(c2¢20) ap + (tod20) AB-

We know want to show that (€9d20)ap vanishes (for § < 0) or can be shown to be in the image
of ¢y (for § > 0).

By the constraint equation and commutations of the divergence and the Laplace operator,
we have:

0= (dop) = D*Ppap = DB (A0aR) = A(D*Ppap) = (Agdah).

Hence, (d26) € ker Agn L2, ,(So).
If § <0, we know that ker Ag n L3,,(Sp) only contains polynomials with degree < 1, i.e.
constants, which means that they are in the kernel of the gradient operator 3. Hence,

wap = —2(¢220) ap = —(Gac2l) ap

and we can therefore choose (ap = —(¢20) ap, and we get

[CaBlj+1,6+1 < [0aB|j+2,542 < Clpan
14
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If 6 > 0, we need to be more careful. Let Q = ker Agn Lgﬂ(So), i.e. the set of harmonic
polynomials with degree strictly smaller than § + 1. €5(Q2) c L(%(SQ) is also a finite dimensional
space of smooth fields. Since daty = Ag, we have the following:

Q¢ ker (Ag) € Sy —— to (Ag) € Sy — &

JQT
(¢2)™" (o (ker (Ap))) € S2

Using the integrability condition stated by the exact sequence (B, and more specifically by:

{0} C 82

d:
Sy 28, 8,
we can define an a priori non unique linear mapping 7T : £5(€2) = Ss, such that T ¢ acts as the
identity on o (Q2). As a linear operator from the finite dimensional space £o(Q) c H}(S>) into

H g:; (S2) (endowed with their respective induced Sobolev norms), 7 is bounded and, therefore,
there exists a constant C', depending on the choice of the mapping 7, such that

I(Ttod20) a8 j+1,641 < C[[(Eod20) aB] s,
(T tod20) ap = (E0d20) aB.
Now, let
Cap = —(20) ap + (T tod20) 4.
This gives the desired relations:
(G2Q) aB = 2(2Q) aB = —2(c220) A + 2(tod4f) 4B = Y aB,
ICaBlj+1,641 < [0aB]j+2,542 + Ol (td20) aBllj5 < Clpan

j75'

4.3.2. The spin s case.

Proposition 4.8. Let § be in R\7Z, j a positive integer, p .. g in Hg (Sas) such that DAngA___F =
0. Let m =|s/|, i.e. the largest integer such that m < s. If 6 < —2s —2 we furthermore assume
that pa..r is La-orthogonal to the space E s, defined by;

s = ((ker A5L) N (ker Gag)) 0 L5 5(Sas).

Fit2s-1

31251 (S2s) and a constant C' depending only on § and

Then there exist a spinor field (4. p €
7 such that

va..r=(G2C)a.F,

ICa...F|lj+2s-1,6+25-1 < Clpa..r|js-

Proof. First we establish that ¢ 4. r is orthogonal to ker AggmL%} 5(S25) by using the constraint
equation and the orthogonality to [E ;.

For § > —2s -2, the set E 5 is empty because ker Ay, n L%375(823) only contains fields in
Pss 3-0 ¢ 2228717 i.e. constant spinors times polynomials with maximal degree 2s — 2. They are
therefore in the kernel of the homogeneous 2s — 1 order operator Gos.

The set ker A5 n ng_é(Sgs) is trivial if § > =3, so we assume that § < -3. Let 04 be in
ker AZ% nker Gog N L%:H;(SQS) be arbitrary. We know that ker Al n L%?H;(SQS) only contains
fields in P, 370, Theorem (followed by Remark B.G)) states that the sequence

—2-5 t2s-2 5-3-5 G2s 5-25-2-§
P25—2 7325 7328

is exact; as a consequence, there exists a spinor field no. € 732_82:25 such that

Dapne..ry = (f2s-2m)a..F =04 _F.
15



Since n¢.. p belongs to 732<;22_5, it is therefore in H}2i5(823,2). Then, by Lemma G ¢4 is
orthogonal to 04 p.
Now, because 4. F is also orthogonal to E, s we have that ¢4 r is orthogonal to ker AZ; n

L?, 5(Sas). The operator AZ! : HIT™(So5) — Hg(Sgs) is formally self-adjoint and has closed

5+2m

range and finite dimensional kernel — see [8, 27, 24] for details. By the Fredholm alternative,
there exists a 04 r € Hg:zzgz(Sgs) such that ¢4 p = (A5.0)a. . The closed range gives an

estimate (Proposition [29])

min 104+ YTa_rljs2msrom < Cloa.r

Ta.. peker AT NHLIT2™ (S2s)

j76.

Now, let 04 = 9~A...F + 7T 4..F achieving this minimum for a specific T 4 p. Hence, there exists
a constant C'; depending only on s, j and  such that
104...7 | j+2m6+2m < Clpa..rljs.

For integer spin we can express the A%} operator as
(AT0) a4 F = (t2s-2Fosadas0) A — (=2) " (GosCas0) 4. F-
For half integer spin we can express the A3} operator as 2s =2m + 1
(A%0) A, F = (f2s-2F2s-2d2s0) 4 r + (=2) 7" (GasO) a...F-

We know want to show that (f25-2F2s-2d2s0) 4 F vanishes (for § < 0) or is in the image of
Gas (for 6 >0).

By the constraint equation and the commutation of the divergence and the Laplace operator,
we have

0= (dasp)c..r = D Ppu p =D (ALO4. r) = ALy (DPpa. r) = (AS _ydosf)c.. F.

Hence, (d2s0)c..F is in ker AZ!_5 N L§+2m71(825,2).

If 6 < 0, we know that fields in ker AJ'_,n L2, | (S2) are in P3*™! i, e. they are spanned
by constant spinors times polynomials with maximal degree 2m — 2. They therefore belongs to
the kernel of the homogeneous order 2m—1 operator €os_oFa5-2. Hence, (€25_2F25-2d250)a. =0
and we get

oa.r=—(-2)"""(GasC20) a...r,
for integer spin, and
va.r=(-2)"(Gas0)a. r,

for half integer spin. For integer spin we can therefore choose (4. r = —(=2)1"™(c250) 4. F, and
we get

I€a...Fllj+2s-1,6+25-1 < [|0A...F | j+2m,542m < Cloa..rljs-

For half integer spin we can choose (4. p = (-2) 04, F, and we get
ICa..F | j+2s-1,6+25-1 = (=2)""(|0a...F | j+2m,542m < Clwa..Fljs-

If 6 > 0, we need to be more careful. Let = ker(AY:_,)nim(das)nL3,, = (Sas—2). We know
that it is a finite dimensional space of polynomial fields. €os5_9F25-2(2) L?(Sgs) is therefore
also a finite dimensional space in Ps?.

We notice then the following formula holds: since dasGas = 0 (cf. Proposition [A3]), using the
expression of the powers of the Laplacian given in Lemma [A4] we get:

9s—odas = das Ay = dostos 2 Fos odas.
As consequence, on 2 c im(ds;), the following relation holds:

dastos 2 Fas o], = Abi|, = 0.
16



The relations between the considered operators can be summarized by:

S— f S— d‘ S
Q c ker (A5;_5) € a2 i N €25-2F 252 () € Sgs —

Gas T

(Gos) ™! (E25-2F25-2 (22)) € S

Using the integrability condition stated by the exact sequence stated in Theorem applied
to polynomials (cf. Remark B.0]), and more specifically using the following part of the exact
sequence coming from

{0} ¢ Sas-2

g23 (f2$
Sos —> Sos — 82372,

we can define an a priori non unique linear mapping 7 : fos_9F2s-2 (£2) = Sas such that Go, T
is the identity operator on fos_9F2s-2(€2). As a linear operator on the finite dimensional space

tos-2F2s-2(Q) c Hg(SQS) into Hgigss:ll(SQS) (endowed with their respective induced Sobolev

norms), 7 is bounded and, therefore, there exists a constant C, depending on the choice of the
operator T, such that

I(Ttos-2Fos—2d2s0) a.. | j+2s-1,6+2s-1 < C|(t2s—2F25-2d250) A...F | .5+
(GasTtas2F2s2das0) A, = (f2s-2F2s-2d2s0) A...F-
Now, for integer spin we can therefore choose
Car = (Ttos2Fosodosf) a. = (-2) 7 (2s0) a..p-
This gives the desired relations:
(G2sC) a..p = (E25-2F2s-2das0) 4. = (=2)" 7" (GosC2s0) a...F
= (A%0)A. F=pa.F,

ICa..Fllj+25-1,6+25-1 £ C(|0aBCD| j+2m.s+2m + | (E2s-2F2s-2d2s80) aBCD| j,5)

< Cllwaseplljs-
Now, for half integer spin we can choose
Car = (Ttas2F2s-2d2s0) 4. p + (=2) 04, F.
This gives the desired relations:
(G25Q)a..F = (P25 2F252d2s0) A F(=2) " (Gast) a..F

= (A%0)A..F = QA F,

ICa..r | j+25-1,6+25-1 < C(|0aBCD | j+2m,6+2m + | (E26-2F25-2d250) aBCD| 5.5)

<Clleaepljs-
]

4.4. The representation theorem. This section aims at making a synthetic presentation of
the representation theorem of massless fields of arbitrary spin. We would especially like to
emphasize the fact that the discussion in the main result arises on the decay properties of the
initial datum for the Cauchy problem for the massless fields.

Theorem 4.9. Let s be in %N, 6 be in RNZ and j > 2 an integer. We consider pa. . p in

Hg (Sas) satisfying the constraint equation DABQDA___F =0.
We furthermore assume that, for § < —=2s-2, @ 4. is orthogonal to the finite dimensional spaces

(ker(Ang) N ker(ggs)) N L% 5(Sas).
Then there exists a spinor field Ca.. ., solution of the equation:

va.r=(G25C)A. F
17



satisfying the estimates:
ICa...F | j+25-1,6+25-1 < Clpa..rljs-

such that the unique solution of the Cauchy problem for massless fields [@T) with the initial

datum 4. F 1S given by:
A . F=VAA ... VFF/YA T
where the spinor field x a...r, defined by:

~ALLF'
XA..F =TAA"TFF'X

satisfies the Cauchy problem ([@IQ) for the wave equation with initial data (0,(a. F).

Remark 4.10. An important remark is that, for the weight considered in [10, 2] (5 = -2 for
spin 1 and 6 = —% for spin 2, respectively), all the fields can be represented by a Hertz potential.

Proof. The proof of this theorem is a direct consequence of Lemma 5], of Propositions [£.7] and
48 O

5. ESTIMATES FOR SOLUTIONS OF THE SCALAR WAVE EQUATION WITH INITIAL DATA WITH
ARBITRARY WEIGHT

This section contains the complementary results for the study of the decay of the solution of
the wave equation in the exterior using representation formulae for the Cauchy problem such
as the one stated in [19] 20] or in [2, [12] and the standard result of decay of weighted Sobolev
spaces given in Proposition 2.8]

In the following, one considers the Cauchy problem:

g =0 .
om0 = f € HY (B2, C) (5.1)
O Pli—o = g € H_| (R?,C).

The following representation formula then holds ([I3] on flat space-time or [I5] theorem 5.3.3]

for arbitrary curved background):

Lemma 5.1. The solution of the Cauchy problem [51] is given by the representation formula:
1
olt.2) = — ([S £(g(a + tw) + O f (2 + £0)) +f(x+tw)d,ugz)
T

where S? is the unit 2-sphere and 0., has to be understood as being the derivation in the unit
outer normal direction w.

The use of the representation formula stated in Lemma [E.1] and of Proposition 2.8] gives the
following result for solutions of the wave equation:

Proposition 5.2. Let j >3 and ¢ in R\ Z. Then the solution ¢ of the Cauchy problem (B.1I)

decays as follows, in the exterior region, i.e. in the region % <r <3t

lo(t,2)| < C(If

<> T<ust™ if5< -1
35+ g 2,5-1)

v>0 if 6 > —1.

If, furthermore, (k,l,m) is a triplet of non-negative integers, j > 3+ k + 1+ m, the following
pointwise inequality holds:

e if 1+0—-k<O0, then:
|050,9™ 6] < C<us™ " <os™ T (| flackatims + [9l2ekstsm.o1)
e if 1+0—-k>0, then:
“8581lyy7m¢“ < C<U>5ilimik (||f||3+k+l+m,5 + ||g||2+k+l+m,5—1)

where 0y, = %(&g—ar) and Oy = %(@H?r) are respectively the outgoing and ingoing null directions.
18



Remark 5.3. It must be noticed that these estimates are sharp: it suffices to take as a set of
wiatial data the smooth spherically symmetric functions:

f(rw) =<r>? and g(r,w) = <r>"1,

These functions will give rise to a solution of the wave equation which can be expressed directly
i terms of the hypergeometric function used in the proof and which is the sharpest upper bound
for the decay of the solution of the wave equation.

For the proof we will need some integral estimates.
Lemma 5.4. For any 6 in R\ 7Z, we have the following integral estimates

C(<us? + <v>2)3 for §>-1

2

1+
<u>
6+1 -1 _
C<u>’" <> (7«»2 N <v>2) for § < -1,

[SIEY)

5
[SQ<|m+tw| >dpg2 <

where C' only depends on §.

Remark 5.5. It has been assumed that 0 does mot belong to Z, for technical reasons. For the
weight 6 = =1, we expect logarithmic terms.

Proof. Let (t,z) be fixed and consider the sphere S(z,t) of center = and of radius ¢. Let ¢ be
a point of the sphere S(z,t). The coordinates of ¢ is then given by (6, ¢) defined by:
e in the 2-plane containing the origin o, the point  and ¢, 0 is the oriented angle:
0 = (27q,0q) € (0,7);
e in the plane orthogonal to ox and passing through x, one chooses a direction of origin.
The direction of the orthogonal projection of g on this plane is labeled by an angle ¢
belonging to (0,27).

The integral can now be rewritten as

/S2<|x + tw|’>dpge

g 2m
/0 [0 (1+ 7%+ = 2tr cos 9)% sin? pdfd¢

™
g/ (1+72+¢2 —2trcos6?)%d6.
0

This integral can be re-expressed using the hypergeometric function:
2,2
f82<|x +tw|'>dpge = w2 (1 + 12 +t2)%2F1 (27_5,—%, , (1:1:27%%2)2)
or, using the variables u and v:
fg2<|x +tw|’>dpge = 2_%772(<u>2 + <v>2)%2F1 (QT_(S, —g, 1= %)
The hypergeometric function 9 Fi(a,b, ¢, z) is defined as:
I'(c) i P(a+n)l'(b+n) 2"
L(a)(b) = L(c+n) n!’
" being the I Euler function. We refer to [I}, Section 15.1.1] for properties of this hypergeometric
function. The radius of convergence of the series is equal to 1 and the convergence is absolute
on the closed disc if

2F1(a,bacwz) =

R(c—a-0b)>0.
For R(c) > R(b) > 0, the following integral representation holds
I'(c) / s ~b-1 -
—_— t 1-1)° 1-tz)%dt
TOT(e—p) Jo © (1707 (-t

Two cases are now distinguished: § > -1 and § < —1.
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For 6 > -1, we immediately have, using the convergence properties on the boundary on the
disc of convergence.

fSQ<|:c T twl>dpge < C(<us? + <v>2)3,
where the constant C' is given by:
2-9 )
(2 +n)T(-%+n)

4

I’(ZT_‘S)I’(—g)n!(nwL 1!

C= 27%772 Z
n=0

For 6 < -1, the linear transformation [I, Equation 15.3.3] can be used:

2F1(2—6 K L1 d<u>2<p>2 ):

47477 (<u>? +<w>?)?
2 2\ 2 .2
4<u>“<v> 2 2+0 4+6 4<u>“<v>
_ U sV 22 20 _ U U2
(<u>? + <v>2)2 47 4 77 (<ux? + <w>2)?

The later considered hypergeometric function satisfies the absolute convergence criterium on
the unit disc so that:

148
<v>? ) 2

<u>? + <v>2?

)

/2<|:c +tw|>dpge < C<us?ep>1 (
S

where the constant is, this time, given by:

C = 9l+5 2 S 1 1
o Zo T(ZD)T(-2) al(n+1)!

O

Remark 5.6. [t is interesting to remark that the these inequalities actually provides us with
global inequalities for the decay of the wave equation, that is to say an inequality valid both on
the exterior and the interior regions.

Proof of Proposition [2.2. Using Proposition 28] one knows that if f € H, g€ Hg:ll, j>2+n
and j > 3 +m, there is constant C' such that:

ID"f(y)] < C<y>""|flosns
ID™g(y)| < C<y>" 1| gll2ems-1-

Using the representation formula [5.1] one gets immediately:

IN

IN

ot 2) < C(I1f

55+ |gl20-1) fg2 (<l + tew]>® + <] + o> 1) dprge.

We can use the estimate t < (<u>? + <v>2)1/ 2 and Lemma [5.4] to obtain global estimates for
solutions of the wave equation.

In the exterior region, where the value of |[<u>/<v>| is bounded, this simplifies to the following
asymptotic behavior for the solution ¢: there exists a constant C' depending on § and the Sobolev
embeddings constants such that, in the exterior region:

<u>1+5
— ford<-1

lo(t, )| < C (| flas+ l9l25-1) 1 <v> o (5.2)
<v> for 6 > -1
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The same process can be applied to the derivatives of ¢ in the direction of u and v. The
integral representations of the derivatives are then

Opo(t,x) = 8i7r o (t(0rg(x +tw) + D,g(x + tw)) + g(x + tw)
+1(0p 0, f ( +tw) + 02 f (2 + tw)) + O f (2 + tw) + Oy f (2 + tw) ) dpuge,
Oud(t,x) = 8i7r fs2 (t (=0rg(z +tw) + Opg(x +tw)) + g(x + tw)

+1 (=0, 00 f (z +tw) + 0L f (T +tw)) = Oy f (z + tw) + O f (2 + tw) ) d sz

Using Sobolev embeddings, one gets immediately:

00t < C(Iflus+lglsst) [ (<ho el o+ t>2) dpas,

AN

Oud(t, ) < C(Iflas+gl36-1) fs2 (<l + tw]>07" + t<fa + tw]>"7%) dpge.
Again using Lemma [5.4] we get in the exterior region, for § < 0:
6
<u>
Oy (t, < - 5.3
|0vo(t, z)| P, (126 + lgllz5-1) (5.3)
6
<u>
lOuo(t,z)] < C s (1flas + llglls,6-1) (5.4)
and for 0 > 0:
0u(t, )| < C<v>* (| flas + gla.5-1) (5.5)
ous(t.2)| < C<o> ([ fllag + lgllso-1)- (5.6)

Using these decay results, one can now refine the decay result for the derivatives of the func-
tion u, using the commutators properties of the wave equation with the vector fields generating
the symmetries of the metric. Introducing:

K =u0, +v0, which satisfies [ K,0] = 40,
the function K - ¢ satisfies Cauchy problem for the linear wave equation:
o(K-¢)=0
Koo € HI 7' (R?)
K dlio € HI 2 (R®).
As a consequence, one can apply the decay result (52)), (53) and (55) to K - ¢. This gives:
0+1

(&) if 5 <1
375,1) <v>

<v>9 ifd>-1

K- o(t,2) < O(]f

a5t lg

This consequently gives the following decay for the partial derivatives d,¢ and 9,¢, using the
decay result for these derivatives (5.3)):

<u>5+1
_ ifd<-1
10 (t, )| < C (| fllas + l9ll3,6-1) ( <w>? )
<p>0-1 if§>-1.

Finally to obtain the decay result for the derivatives, the commutating properties of O with
the generators of SO(3):
xiaj - mj 82
can then be used to obtain:

Yol < C(If

15+ gll3.6-1) <us® o> if 5 < -1

and
46+ ||9||3,5—1) <> Lif §> -1

Yol < C(1f
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Remark 5.7. (1) It is important to notice at this stage that the different derivatives 0, and
Ov, Y play different roles when considering the full scale of weights. This difference is
at the origin of the failing of the peeling for higher spin fields when the decay at i° of
the initial data is too low.

(2) This difference between the derivatives can be explained by considering the derivatives
of the fundamental solution of the wave equation.

The result is finally completed by a recursion which is not written there, in the exterior
region, where the value of |<u>/<v>| is bounded, by the following discussion on 9:

e if 1+§ -k <0, then:

0EL Y™ ¢| < C<us 0 <os™ 7 (| Fllasrtom,s + [9]2skrivm,s-1)

e if 1+0—k>0, then:

0EALY™ o] < C<osS (| Fllasnsrims + 924k stem5-1)

6. ESTIMATES FOR SPINOR FIELDS REPRESENTED BY POTENTIALS

Penrose, in his original paper on zero-rest mass fields [29], proved to the following two results:

e the existence for analytic massless fields of arbitrary spin of representation of the form:

GA.F= Sfl . -SQFS Vaar...VEFX,

where the fA’ are constant spinors and y is a complex function satisfying satisfying the
wave equation:
Oy = 0.
e from a decay ansatz for y along outgoing null light rays, he deduced the full peeling

result for the considered field.
The purpose of this section is to give an equivalent result for massless field admitting a potential
of the form considered by Penrose. The decay result for the solution of the wave equation which
is used in this section is given by Proposition

6.1. Geometric background and preliminary lemmata. The geometric framework and
notations are introduced in this section. The geometric background is the Minkowski space-
time. We consider on this space time the normalized null tetrad defined by:

P ovB = (he ) mt= (e )
VB, - b (%) w5 (4 )

so that we have:
span (I*,n%) orthogonal to span (m®,m®*)
=1 and mgm® = —1.
The derivatives in the directions (%, n% m® m® are denoted by D, D', 4,8’ respectively. Consider
finally a spin basis (o?,:4) arising from this tetrad, i.e;

! !
1% = o454 mo = o474
no = A4 mo = Ao
This basis satisfies:
Do =0 DA =0
Dot =0 DA =0
A _ coth A A_ coth A _ 1 A (6.1)
do A_ 27’\/500 N N 5LA 2r\/§6LA 7\/50
/ _ _ cot L / _ cot
0’0" = 2rv/2° +r\/§ o't 22"

As a consequence of this the following commutators relations hold:

Lemma 6.1 (Commutators). The following commutator relations hold:
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e D and D’ commute.
e consider the gradient Y on the sphere of radius r:

prol(ZD, Lor )

+
00 00  sinf 0p Oy
then, for any positive integer m:
y"D

m

Ty
Wle — D/Wm+mvm
T

Proof. The proof essentially relies on a direct calculation of the first order commutator and an
induction. O

Dy™ +

Remark 6.2. Note that the following property holds:
0 0
— | ROf)=+T(0f)—
7= (005 1 900,)
e‘igéf% +ei%5'f%.

A final result deals with the asymptotic behaviour of the coefficients in the decomposition of
a constant spinor over the spin basis (OA A)

(6.2)

Lemma 6.3 (Asymptotic behaviour of the decomposition of a constant spinor). Let 4 be a
constant spinor over M and consider its decomposition over the basis (02, 14):

{A:ao +,8L .

Then, for any integer n, V"« and V"B are smooth bounded functions on M\{R x B(0,1)}.
Furthermore, considering the derivatives in the null directions, the following estimates hold for
Oele,m—c] (¢>0):
Da = D'a 0 , DB=D'B=0

0" al < o fempl< %

|5lna| O , |5ln5|
Proof. To prove that « and 8 are bounded functions, it sufﬁces to consider the decomposition
of the real vector field §AEAI in Cartesian coordinates. The time component of the vector field
is |a?| + |B[* and it is constant. As a consequence, o and 3 are smooth bounded functions.

The second step consists in calculating the derivatives of the components in 4. Since o

and ¢? are constant along outgoing and ingoing null rays, the following identities hold:

Da=D'B=Da=D'B=0.

For the angular derivatives, we have:

cot 6 154 cot 6
| L e

t 6 A cot 0 « A
8- o ) + (5' + - ) =
( “ a2’l"\/§ ? /8 527"\/5 ’I"\/E '

An immediate induction using these recursive relations gives the desired results. (]

A

6.2. Proof of the decay result. We consider in this section a spin-s field represented as:
ba.r =& 6L VA VENTX, (6.3)
where x is a complex scalar Hertz potential satisfying the wave equation:
ox =0

! ! .
and 5{‘4 ,...,{é\g are constants spinors.
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The purpose of this section is to give a result which is similar to the one obtained for the
wave (or 0-spin) equation in order to retrieve similar decay estimates as in the pioneering work
of Christodoulou-Klainerman [10].

Proposition 6.4 (Decay estimates for arbitrary spin). Let (k,l,m) be a triplet of non-negative
integers and denote by n their sum. We assume that the Hertz potential is a solution of the
Cauchy problem, for j >2+2s+n and 6 ¢ Z

Ox=0
Xlt-o € H}(R?,C)

Bixli-0 € HI~| (R?,C)

The norm of the initial conditions is denoted by Is ;:

Is ;= |Ixlt=0 5.5 + |O¢xle=0ll5-1,5-1
Then, the following inequalities hold, for all i in {0,2s}:
(1) for any t>0, x € R3, such that t > 3r, that is to say in the interior region,
[V"¢a..F| < C<t>6_28_n15,n+2s+2-
(2) for i such that 1+6—k—1i<0, for any t >0, x € R3, such that 3r >t > %, that is to say
in the exterior region,

C<u>5+1—i—l

k ylpym .
|D"D"y ¢i|émfa,n+zs+z,

(3) for i such that 1+6—k—14>0, for any t >0, x € R3, such that 3r >t > 5, that is to say
in the exterior region,

—25—]—k—
IDEDY™ | < c<cv>? TR o,

Remark 6.5. e The symbol Y denotes the gradient to the sphere of radius r. As a conse-
quence the rescaled operator %V which is the gradient on the unit sphere is independent
of r.

e For the spin 1 and § = —%, that is to say for initial data for the Mazwell fields lying in
H_s, which is the case considered in [10], one recovers the decay result stated in this
2

paper. For the spin 2 and for 6 = %, that is to say for initial data in H_z, which is the
2

case considered by Christodoulou-Klainerman, their results are recovered.

o [t must be noticed that in the case when the potential does not decay enough (for & >
—-2s —2), the decay of some components of the field cannot distinguished: the peeling
fails.

e The case of integer weights can also be handled similarly, provided that the corresponding
decay results for the solution of the wave equation are made available; to avoid a too
complicated result, this question has been put aside.

o The peeling result obtained by Penrose [29] was relying on the assumption that the Hertz
potential, solution of the wave equation, was decaying as x ~ % where r is a parameter
along the outgoing null rays. For such a decay result to hold, the initial data for the
potential have to lie in Hs with § < —1. The peeling result by Mason-Nicolas [26], which
holds for the spins 1/2 and 1 on the Schwarzschild space-time, is for initial data lying
in a Sobolev space whose weights are not equally distributed on the components.

Proof. The proof is made by induction on the spin. The result for the spin 0 is exactly the one
obtained for the wave equation. The induction does consequently not need to be induced.

We now assume the following induction hypothesis for spin s: assume that any triplet (k,7,m)
(n=k+1+m), and for any s-spinor field represented in the following way:

1/} A..F :é.lA 55; VAA/...VFFIX
——

2s indices
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where X is a potential whose initial data lie in Hj (R?, C) x Hg:ll(R?’,(C) (j > 1+2s+mn), the
decay results stated in the theorem are true.

Let now (k,l,m) be a triplet of non-negative integers and consider a s + %—spin field written
in the following way

A E
ba.ra=8& - &oeVaar...Vaarx
———
2s+1 indices

where y is a potential whose initial data are in Hg(R?’,C) x Hg:ll(R?’,C) (p > 2+ 2s+n).
Consequently, the 2s-spin field

BI Gl
Yp.c=8 8§51 VBN -V X
——

2s indices

with y whose initial data lies in H?(R?) x HY-!(R®) (p > 1+ 2s + n) satisfies the induction

hypothesis. It remains then to prove that

ba.c=EYVarvs o

satisfies the appropriate decay result.
We first start by the interior decay. The result trivially follows from the interior decay result
for the wave equation. As a consequence, the following relation holds:

IV"6a..cl =164V aa (VB )]

which is a derivation of order M + 1 of a spin field of valence s which satisfies the induction
assumptions. As consequence, the following decay result is immediate, in the interior region
3t<r: ;

+25+
V" 0a..r € O 5500
where C' is a constant depending on M and the spin s. This closes the induction for the part
concerning the interior decay.

We consider now the problem of the exterior decay, that is to say the decay in the neighbour-

hood of an outgoing light cone:
1
§St§3r©|t—r|§§|t+r|. (6.4)
Recall that the definition of the component of the spinor ¢ g  are defined by:
(A :LB...LCOD...OFwB___F.
—_———
i 2s5-i
The proof is this region in done by induction as in the first part of the proof. Let (k,l,m) be a
given triplet of non negative integers and denote by n their sum. The induction hypothesis is
written as follows for spin s:

For any s-spinor field ¢ g ¢ satisfying:

Up.c=1" ..CVpp ... Vaarx

where x is a complex scalar solution of the massless wave equation whose initial
data lies in H} (R?,C) x Hg;ll(Rg, C) (j > 1+2s+n), the following decay results
holds, in the exterior region % <r < 3t, for all integer k, 1, m:
e for isuch that 1+6-k-1<0:

o< u>5+1—i—l

k ilam
IDEDTY T < — e

I pi2se2-
e forisuch that 1+d-k—-1i>0:
IDED" Y™y < C<o>07 25717k oo,

where the constant C' depends on the bounds of the exterior domain and
the integers k, [, m.
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There is no need to prove the initial step since it is exactly the result for the standard wave

equation. Assume that the induction hypothesis holds for spin s in %N and consider the field

da..c of spin s+ % written as:

da.c =" CPVan . Vaox
where y is a complex scalar solution of the massless wave equation whose initial data lies in
Hg (R3,C) x Hg;ll (R3,C) (j >2+2s+n). As a consequence, the spinor:
Vp.c=1" ... VBp .. . Vaax

is a s-spinor field satisfying the requirements of the induction assumption.

To insure the proof of the induction assumption, a relation between the components of ¢ 4. ¢
and the components of the field ¥ ¢ have to established; these relations are given in the
following lemma:

Lemma 6.6. The following relations between the components of ¥ (of spin s+ 1/2) and ¢ (of
spin s, s being in %N} hold:

%o
®i

cot 0

7

Do + Botho - 5B

ad" i1 + BD"i
cot (2s+1—i)0z¢

\/—1/}21_ T‘\/i 7

Yo (6.5)

+a(s+1-1)

(6.6)

for i>0.
Proof. The proof is realized using relations (G.I]) and is a basic calculation.

¢0 = OA.. OF(bA F
A F_A'
= 0.0 Vaagp
= ozoB...oFDi/)BmF+ﬁoB...0F51/)Bmp

Since Do = 0 and do = <24 we have:

27"\/5

oP ... 0F51/)BWF = 0o — 2s cot 0

2r\/§

cot 0

7

Yo.

and, consequently:

¢o = aDipg + B — 53

Consider now i > 0 fixed; we have:
¢; = A Gl F
—
i times 2s+1-i

= alB G0 s BB 0P DY
——— —— — —— —— —

Yo-

PA.F

i-1 2s+1-i i-1 2s+1-i
. 1A _ A r A _ _coth A IA cotf A .
Since D't = D'o” =0, § 0™ = /3 +\/§and5 = ol we have:
cot 6
B ol g p =01 - (i- 1) B CoP Fobg g
i-1 2s+1-i i-1 2s+1-i
[ cotd B 0D 1 5 ¢p F
—-(2s+1-1 e} Q,Z)B P+ A Ao I S 1) -
i-1 2s5+1-i i 2s-1
Consequently,
cot 6 25 +1-1)a
¢i = a5¢11+ﬁD¢11+a(5+1 ) Tzz)l 1_( ) ¢i-

/2 /2
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O

Using Lemma [6.6] the two cases (i=0 and i > 0) are treated separately although the method
is the same. Here we present the case i =0, the other case follows similarly.
The expression of the derivative D* DY ¢y is calculated explicitly, one derivative at a time,
using the Leibniz rule:
Z(a Z(a
¥0= 3 (109 0y Do+ 32 (1 )y ay v

a=0

m! 31’ (cot 9)
_28a+b§:m alb!c! ( 2/2rb+1 Y B05Y o
since
b 1 0°cot
V cotf = ﬁ 391, 60,

the power on the vector field have to be understood as a symmetric tensor exponent.

We then apply simultaneously the derivatives D and D’, using the Leibniz rule again. Notice
first that Y*« and Y3 depend on 7 but 7*Y“a and 7*Y“S do not, since both a and 3 are
independent both of time and radius. We have

DDy g =
(I AR e e et

() ern . |22

5 [(B)(0) B oy (1)t

. {DdelleWC,l/}O}

T1+a+b+d+e

The factors in the brackets are clearly bounded provided that 6 lies in [c,7 — ¢] for a given
(arbitrarily small) positive constant ¢. There exists consequently a constant C' depending on the
spin, the constant ¢, L® bounds on the coefficients of the spinor field 5‘4’ and their derivatives,
such that:

Dk lel evm (ID¢O

DDy, |<c(z 53

d=0e=0a=0 ratdte
Dk lel evm aé‘wo k1 Dk:dellfeWCwO
* dzg) ZE) ZE] ratd+te d i Z bz pltatb+d+e (6'7)
e a = =0 a+b+c=m

Each of these terms is treated separately.
The first term can be transformed to fit the induction hypothesis using lemma

Dk: lel evm aD’L/J Dk: d+1Dll evm aw +Dk lele( Wm aw)
_ Dk—d-%—lDll—eWmfc%bO
k—dl-e _1\f _ _ —
- Z( f )( e)( D/ (m-a)(k-d+1 e)!Dk—d—fD/l—e—ngfaqu‘

1+f+
=090 rfg

In order to use the decay result stated in the induction hypothesis, the number of derivatives
in the ingoing direction has to be taken into account:

a) if 1+9 -k <0, then:

|DkD’le¢0| < C<u>1+57k< -1-2s-1- mIn+25+2
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b) if 1+ 6 -k >0, then:
|DkD’ly7m¢0| < C<v>6 2s7kl mIn+2$+2
In order to simplify the presentation of the proof, we deal specifically with the sum:

l Dk d+1D/l evm %/10

k
A= Z Z Z T.a+d+e
d=0e=0a=0

Assume first that 1+ — k <0.

For this case the sum a priori contains terms of both type a and type b. We therefore split
up the sum over d into two parts corresponding to the different types. Let d’ be the largest
integer such that d’ < k+1 and § —k+d -1 < 0. This means that if 0 < d < d' -1 we have
1+6-(k-d+1)<0and if d <d <k we have 1+ - (k-d+1) > 0. Using the induction
hypothesis, the sum A can then be bounded as follows: there exists a constant C' such that:

d' -1 <u>1+6—(k—d+1) k  cp>0-2s-k+d-1-l+e-m+a

Ié n+2s+2
A<C Z Z ( Z <p>1+2stl-etm-apd *
e=0a=0 d=0

<u 1+6—k[5 2542 I m <U> a+e
<C——54 22\~
<p>28+2+l+m =25

y dil (<u> )d+1 (<U>) (<U>) (1+0-k) (ﬁ)d
iz \<v> deaq \ <v> r
Since the considered region is the exterior region, that is to say the region defined by:
t
—<r<3t,
3
the following inequalities hold (assuming also r > 1, which is not restrictive, when studying the

asymptotic behaviour):

d=d’ T'd

<'U> \/_and—< /—

As a consequence, there exists a constant C dependlng only on the considered region and of the
number of derivatives such that:

A < C<u>1+6_k</U>_1_28_1_l_m-[(57n+23+3-

In the case when 1+ —k > 0, all the indices 1+ — k + d are a fortiori positive and, as a
consequence, the induction hypothesis gives immediately: there exists a constant C' depending
on the number of derivative and on the bounds of the derivatives of o and [ such that:

a+e+d
A<C 52slklmI <U>
<v> 6,n+25+3 Z Z Z .
d=0e=0a=0 r

There exists consequently, as previously, a constant C' depending on the number of derivatives
such that:
A< C<v>672Silikilim16,n+25+3-
The other terms in (6.7)) can be studied in a similar way and details are left to the reader.
Collecting all the inequalities obtained for these derivatives, one gets that there exists a constant
C, depending only on the Sobolev embeddings and the number of derivatives such that:

<usIt0-hgys1-2s-1-l-m  5pq L 5 k<
<p>2s-l-k-l-m if1+6-k>0

The other components v; of the field can be studied in a similar way. The discussion will
this time occur on the sign of 1+ — k£ —i. These complementary computations are left to the
reader.

Hence, we have proved that the induction hypothesis holds also for s + % We can therefore
conclude that it holds for all s € %N. U
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7. MAIN RESULT

This section contains the main result of the paper, which consists in, for arbitrary spin, in a
decay result for solutions of the Cauchy problem with initial data in weighted Sobolev spaces.
This result extends the result contained in [10] for the fixed weight § = —s — % (for spin-s fields
with s =1,2) and clarifies the fact that the peeling fails for the fastly decaying components of
the field. Furthermore, through Theorem 9] it establishes a full correspondence between the
decay result of the wave equation and the peeling result for the higher spin fields.

The notations adopted in the formulation of the main theorem is consistent with the ones
which are adopted in Section

Theorem 7.1. Let s be in %N, 0 in R\Z, j > 2 an integer and consider the Cauchy problem for
the massless free fields of spin s

VAY A =0 ‘
¢A...Fli=0 = pa..r € H}(Sas)
Doy r=0.
One assumes that, for § < —2s—2, the initial datum is orthogonal to the finite dimensional space
Ess.
One finally considers three nonnegative integers k,l,m whose sum is denoted by n < j.
The following inequalities hold, for all 4 in {0,...,2s}: there exists a constant ¢ depending

only on a choice of a constant dyad and of k,l,m such that:
(1) for any t >0, x € R such that t > 3r, that is to say, in the interior region,

IV"ba..r| < c<t> " 0a. Flsoin;

(2) for i such that 1+2s+6—k—14<0, for anyt>0, x € R, such that 3r >t > 3, that is to
say in the exterior region,

c<u>5+1+2s—i—l

<U>1+25—i+k+m

(3) for i such that 1+2s+6—k—14>0, for anyt>0, x € R3, such that 3r >t > 3, that is to
say in the exterior region,

|DkD'lY7m¢i| < c<v>57n||90A...F

A specific case, stated as a corollary, due to its importance, is the following:

|DkD’le¢i| < HQDA...F”(S,QHL;

6,2+n+

Corollary 7.2. If we assume that
e for spin 1, 6 > -4 and 6 ¢ Z;
e for spin 2, § > -6 and ¢ ¢ Z.
Then the decay result stated in Theorem [71] holds without restrictions on the initial data.

J

Z9s—94c Which would give a

Remark 7.3. If 6 < —2s — 2, we can of course embed pa. . p in H
weaker decay result, but without any orthogonality condition.

Proof. Let s and 0 be such as in the theorem and consider ¢4 g a initial datum in Hg (Sa2s)
satisfying the constraints equation:
DBy, p=0.

The initial datum ¢ 4. satisfies the assumptions stated in Theorem [£9] so that there exists a
potential )ZA""F " of order 2s such that the solution of the Cauchy problem with initial datum
YA F is given by:

ba.r=Vaar.. Vppxt -t
and XA F=TAAr ... TFFI)ZA,"'F, satisfies the Cauchy problem:

Oxa.r=0

XA...Fli-o € HL5(Sas)

Aixa. Flio € HL122 1 (Sas).
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Furthermore, the norm of the potential is controlled by the norm of the initial data:

IxXA...Fln+2ss+2s < clpa..plns-
A constant dyad (664,6‘14) on the Minkowski space is chosen. The components of the field
XA...r are then of the form:

1 2
X&a .- €K,

where the constant spinor & (for i € {1,...,2s}) belongs to {€%,e}} and y is complex function
satisfying a Cauchy problem of the form:

ox=0
Nlieo € HIZ2 (B3, C)

A Xm0 € HLT2"1(R3, ).

Proposition[6.4]can then be used, on each of the components of the field. All these components
decay exactly in the same way and, consequently, the field ¢4 p decays exactly as the field
under consideration in Proposition O

Acknowledgments. We thank Dietrich Hafner, Jean-Philippe Nicolas and Lionel Mason for
helpful discussions.

APPENDIX A. ALGEBRAIC PROPERTIES OF THE FUNDAMENTAL OPERATORS

To prove Proposition [l we need the following relation:

Lemma A.1. The operators G and ¢}, commute and we have
(GrCid) A, ..a, (ckGrd) A, ...A,

15

k -n n
Z%) (271)(_2) D(AlBl'"DAk—% Pz (A ¢)Ak—2n+1---Ak)Bl---Bk—Qn'

k-2n

Proof. We begin by proving that (Gy¢i¢)a,.. 4, has the desired form. By partially expanding
the symmetry of the ¢, operator we get

By Br_2n-1 n
D(Al ”'DAk,gn,l " (Ak€k¢)Ak—2n---Ak)Bl---Bk—Qn—l

k—2n-1
2n+1 B
_ 1., By_2 n
ok D(Al D 45, (AR ¢)Ak—2n+1 . Ag)B1...Br_2n
k—-2n
k -2n-1 B
1... Bp-2n-1 Bi_on n
L D(Al Dy zs D‘Bk—2n71| (Ak¢)Ak—2n---Ak)BlmBk—2n
k-2n-1
2n+1 B B
_ 1. k—2n ( AT
Tk D(Al Dy sy, (Ak‘ ¢)Ak—2n+1~~~Ak)Bl .Br_an
k-2n
k-2n-1 B
_ ... B-2n-2 n+l
2k D(Al D 4y "2 (AR ¢)Ak—2n-1 - Ag)B1...By_on_2"
k—2n-2
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Where we used DACDBC = —%EABA in the last step. We therefore get:
(GkCrd) A,.. A,

L T . N
) Z—:0 ( 2n )(_2) nD(Al beD gy, k_Qn(AZQS)Ak—Qn-f—I---Ak)Bl---Bk—Qn
! k—2n
k-1
" k-1 1- B B 1
’ z%) (2n+1)(_2) nD(Al 1mDAk—2n—2 kiQniQ(AZ (b)Ak—Qn—l---Ak)BlmBk—Qn—Q
! k—2n-2
k-1
l_é_J k-1 -n B B n
) Z;) ( 2n )(_2) D(Al lmDAk—% k72n(Ak¢)Ak—2n+l~~~Ak)Bl---Bk—2n
! k-2n
k+1
75~ k-1 . .
3 (o 1)V DDA A a i mo e (A
k—-2n

Where we just changed n — n — 1 in the last sum. The Pascal triangle gives the algebraic
identity:

1554 155 5]

2 _ 2 _ 2

> (k 1)A’“‘"B"+ > (k 1)A’MB"= })(k)A’f—"B",
o \ 2n o \2n-1 o \2n

which in turn gives the desired form for (Gpck®)a,..a,. To handle (¢3Gr®)a,.. .4, we partially
expand the symmetry in the following expression:

C Bo By n
Da,” Diay %= Day-2n" 2" (ALD) Ay_9ni1. AWC)Bo... By
k—2n-1
cn B B Bron { AT
Da,” D™ D(AQ SeDay—on-1"? (Ak¢)Ak—2n---Ak)BQ~~~Bk—2n

k—2n-2

_k:—2n—1
- k

2n+1

+
k

C Ba Bi_on n
DAI D(AQ "'DAk—Qn k2 (Ak¢)Ak,2n+1...Ak)CBQ...Bk,Qn

k-2n-1

k - 2n - 1 B B 1
ST Ton Dia,?Day-2n1"" " (AY"0) Ay o Ap) A1 Bs...By_on

k—2n-2

B B Bi_on

Da, ™ D, 2Dpyon (Ang)Ak_QnH...Ak)Bl...Bk_Qn-
k-2n-1
Where we in the last step again used Ds“Dpc = —%EABA. Using this in the definition of Gj
yields:
D, “(Grd)cas.. A,

)

=
2
=2

n=0

2n +1
+
k

k-1 _
(2n + 1)(_2)1 ! D(A2 BSMDAI@—M—l Pre-an-2 (AZ+1¢)Ak—2n~~~Ak)AlBS---Bk—2n

k—-2n-2
|51

k_

(k-1 -

i Z ( 2n )(_2)1 nDAlBl D(A2BQ'”DAk—2an_2n(Ang)Ak—znﬂ---Ak)Bl---Bk—zn'
n=0

k-2n-1
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After symmetrization we get that (¢3,Gr¢)a,..a, has an expansion identical to the one in the
first equation in (A.J]). This gives the desired result. O

Proposition A.2. The equation [@L2) together with (A8 implies

¢A1...AQS = (QQSCIIQSX)Al...AQS + %(QQSatX)Al...AQS-
Proof. Using TBA’V aar = Dap + %e AB0O; we can express the express the potential equation in
terms of D4p and 9.

SALLAL B A Bo Al
DAy Aos = VayarVag an X172 = TNV gy 40T 25V 45 41 X By Bas
[ S —
2s 2s

B 1 B Bas | 1 Bas
(Day 7t + g€y 0 (Dag, 7 + 5€a5, 7 0) XBy...Ba

2s
2s 9
$\o-n/2 B Bas—n an
- Z ( )2 D(Al “'DAQS*W« o 8t XAQS*TI‘FI"'A2S)Bl"'B2S*n.
n=0 \ 1
2s-n

We can now use ([L0) to elliminate all higher order time derivatives.

DAy Ass
el 2sy, L, B Bason A2n
- Z (2n)2 D(Al YDy, 0 XAgs-2n+1...A25)B1...Basan
" 2s-2n
1530, o,
+ (2n . 1)27"71/2 D, P Dag g P22 08 X s o AV By Bas o
" 2s-2n-1
el 2s -n B Bas- n
= ;)(271)(_2) D(A1 1...DA2572n 2 2”(AQSX)A25_2n+1...AQS)Bl...BQS_Qn
" 2s-2n
31, o,
* % = (2n + 1)(_2)711 D(AlBl"'DA2sf2nleQS_2n_l (AgsatX)AQS_Qn...AQS)Bl...BQS_Qn_l

25—2n-1
= (G25C25X) A;... Ags + %(g%atX)Al...Ags-

In the last step we used the definition of Gos and lemma [AIl In fact we have defined G to
match the 0; part of this expression. O

Proposition A.3. For k> 2, the operators Gy have the properties dipGr =0 and Gptr_o = 0.

Proof. First we prove that d. Gy, = 0. By partially expanding the symmetrization in the definition
of G, and restricting the summation to non-vanishing terms we get

(Gk®) A, .4,
E
2 k-2 - B B B B
) Z:0 2n+1)(_2) nDAl 1DA2 QD(AS 3mDAk—2n—1 k72n71(Az(b)Ak—QnmAk)Bl---Bk—Qn—l
n:

k—2n-3
|52
2 k-2 “nr B Bs Bron ( AT
+ Z 2n (_2) DAI D(AS .“DAIc—Qn n(Ak¢)Ak,2n+1...Ak)AQBQ...Bk,Qn

n=0
k—2n-2
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+ —
0 [T

1k -2 _
o )(—2) "D, D(A3B3"'DAk,2nB’“‘2”(AZ¢)Ak_2n+1...Ak)AlBg...Bk_Qn

k-2n-2

3
Il
[=

+ —
0 [T

1 k-2
2n-1

- B By._
)(_2) nD(AS P DAy g 2n+1(AZQS)Ak—Qnu---Ak)A1A2Bs---Bk-2n+1‘

k-2n-1
Using Da“Dpc = —3eapA we get DN142Dy Prpy B2 = ApBiBa A DA(A2py B2) = 0 and

(dxGro)a,...a,

3
Il
—

lk
k-2 e
Z J( )(_2) " 1DBlB2 D(AS BS"'DAk72n71 Bk_Qn_l (AZ+1¢)Ak_2n...Ak)B1...Bk_gn_l

aso\2n+1
k-2n-3
lk
-n BB B Bi_ons
i Z )(_2) "D™ 2D(AS P DAy gy 1(AZQS)Ak—Qnu---Ak)Bl---Bk—zml'
k-2n-1

The the first sum is identical to the second sum after a variable change n - n—-1, hence d;,G, = 0
Now, we turn to the proof of Gitr_o = 0. Partial expansion of the symmetrization in the
definition of t;_o gives

B By-on-1( AT
D(A Day o, (Akfk*Q(ﬁ)Ak—?ﬂmAk)Bl---Bk—2n—1

k-2n-1
(k—?n—l)(k:—Qn—Q) B Bi o
= k(k) _ 1) DB, B, D(Al l'uDAk—Qn—l hant (AZ—Zgb)Ak_Qn...Ak)B3...Bk_2n_1
k-2n-1
2(k-2n-1)(2n+1) B B
k(k-1) DBl(Ak Da, 7t Day g, (AZ—2¢)A,€_2"...A,€_1)Bg...Bk_Qn_l
k-2n-1
2n(2n+1) B B
+ k(k-1) (Ap-1Ak Dy, 7t Day g, ! (AZ—ZQS)Ak_Qn...Ak_Q)Bl...Bk_gn_l
k—2n-1
(k-2n-1)(k-2n-2) B 1
) 2k(k-1) Deava, Dy ™Dy 7 (A D) Az A1) BBz
k-2n-3
2n(2n+1)

B Bron_
+m (Ap-14% Day 7t Day 57 1(AZ—2¢)Ak—2n---Ak—2)Bl---Bk—2n—1'

k-2n-1
Where we again used D442 D, PrDy, P2 = DPB2 A and DAz, B2) = 0. We therefore get
(Grbr-20) A, ...a,
lk 3

-7 Z J(Qn + 1)(_2)linD(A1A2 DAaBS"'DAk-zn-lBkﬂnil (Azi%(b)Ak,gn...Ak)Bg...Bk,gn,l

k—2n-3
k-1
2

Z J(Qn 1)( 2)” nD<Ak 1A DAl 'DAIc—2n—1Bk_2n_1 (AZ*Zgb)Ak—Qn---Ak—Q)Bl---Bk—Qn—l

k—2n-1
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The the first sum is identical to the second sum after a variable change n — n — 1, hence
Gitr2=0. U

To use elliptic theory, we need well behaved elliptic operators. Gj is in general not elliptic
but, through the following lemma, it can related to some power of the Laplacian — which of
course is elliptic.

Lemma A.4. The formulae (2ID) and (ZIa) hold, that is to say:
(A50) Ay A = (ko For-adord) Ay Ag, — (=2) " (Gorord) A, . gy s
(AS D) Ay g = (Eon 1 Fop 1 dope10) Ay Agp + (—2) " (Gors10) Ay Auy.y -

Proof. For both formulae, we will use the following help quantity for the spin k + j/2 case:

e ke 2k + j
Jik — J _o\—"n By, Bok-2n (AT
Im - n;n (2n +j _ zm)( 2) D(Al DAQk—Qn (A2k+]¢)A2k,2n+1...A2k+]’)Bl...ng,2n
2k-2n
Multiplying DAIBIDClBQ¢A3...AkCQB2 with 6,420163102 = 6,423160102 + 6,420263201 and using
DACDBC = —%EABA, we get
B B 1
DA, "' DAy Oas.. 4,818, = — 5(Dr®) Ay, + Dayay (did) a5...4, -

Using this in the definition of F gives

k-1 .
ijﬁk _ Z ( 2]{:._’_] )(_2)71171
nom \2n + 5 —2m

Bl'“ ng,g -2 n+1
X D(Al Dy zns " (A2k+j¢)A2k—2n—1---A2k+j)Bl---B2k—2n—2

2k—2n-2
N ’le ( 2k + j )(_2)%

Bog-2n AT
X D(A1 Az DAS "'DA2k—2n ((f%ﬂ A2k+j¢)A2k—2n+l - Agkyj)Bs...Bag_2n

2n+j-2m

2k-2n-2
2k +j kel 2k +j _
Sk ( ) 2)*(A - ( ) o)
m+1 %+ - 2m ( ) ( 2k+3¢)A1---A2k+] n;n 20 +j—2m ( )
B Bok_on
X D(A1A2 Da, 3"'DA2k—2n ez (d2k+jAgk+j¢)A2k—2n+l---A2k+j)BS---BQk—Qn' (A‘Q)
2k-2n-2

Here, we have changed n — n — 1 in the first sum, and identified that as I kl plus the term
where n = k, which gives us the AF-term. We can easily solve the recursion(A.2)) and get

k-1 . k-1 k-1 ;
. 2k + j 2k + 3 _
Jre ( ) _9) (Al . ( ) o)
X D(A1 A, Dag BS"'DAzk—zn Potan (d2k+jA§k+j¢)A2k—2n+l - Aokyj)Bs...Bag_2n
2k-2n-2
k-1 k-1k-1- -
2k + ]) k ( 2k + ] ) 1-k
= 2 A —2)"*
mz:O( om, (-2)7( k+]¢)A1 Aok nZ: Z 9+ 2 + 2 (-2)

Bs Bonio k-1-n .
XD(AlAQ DA3 "'DA2n+2 " (A2k+] 2d2k+J¢)A2n+3---A2k+j)33---32n+2

2n
k=l 1ok + .
= Z( ‘7)( 2) (A5 0) Ay oy, = 27 (=2)F (Sokej2Fokej-2onej®) Ay .. Agy, -
m=0
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In the second sum we have changed the order of summation followed by the change n — k-n-1.
For the operators acting on odd number of indices we have

(G2k+10) Ay Aoy

2k +1 n B Baear ¢ am
- 0 2n + 1 (_2) D(Al ...DAQIC—QTL (A2k+1¢)A2k,2n+1...A2k+1)Bl...ng,2n
n=
2k-2n
1,k 2k +1 _k k
= IO + (2]{3 + 1)(_2) (A2k+1¢)A1...A2k+1
k
2k +1 B
) ZO (Qk +1- 2m)(_2) F(AS10) Ay gy — (2)" (E2p1 Foro1dope10) Ay . Mgy
m=

(=2)" (AL 1) Ay gy = (=2)F (21 Fon-1dogs10) Ay Any, -

Hence,

(Agk‘+1¢)Aln~A2k+1 = (_2)_k(g2k+1¢)A1A2k+l + (ﬁzk‘—1f2k—1d2k+1¢)141...A2k+1'

For the operators acting on even number of indices we can use (AJ]) to obtain

(GorCor®) A;... Agy

k Qk -n n
) 2) (2n)(_2) D(AlBl"'DA%an Potan (A2k+1¢)A2k—2n+l---A2Ic)Bl---B2k—2n
} 2k-2n
2k _
-804 (5) D@5 A
i 2k kA k k
= 3 (e, D A0 ar s+ (2 (Cata P 2)
m=0

— (=2)" N (A50) Ay g + (=2)" (B2 For-adord) Ay Agy-

Hence,

(1]

(AL ) A,y = (Cor-oFok-odord) ay. Ay — (=2) 7 (GorCord) A Ay, -
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