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Abstract

We study equations of Riemann-Lanczos type on three dimensional
manifolds. Obstructions to global existence for global Lanczos poten-
tials are pointed out. We check that the imposition of the original
Lanczos symmetries on the potential leads to equations which do not
have a determined type, leading to problems when trying to prove
global existence. We show that elliptic equations can be obtained by
relaxing those symmetry requirements in at least two different ways,
leading to global existence of potentials under natural conditions. A
second order potential for the Ricci tensor is introduced.

1 Introduction

When studying a set of field equations it is often convenient to study asso-
ciated potentials rather than the fields themselves. A clear example is given
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by the Maxwell equations, where the usefulness of the scalar and vector
potentials hardly needs advertising. Another one is provided by the hydro-
dynamics of irrotational flows. In general relativity a striking example is
the Ernst potential, the introduction of which leads to solution-generating
techniques, enables studies using inverse scattering methods, and so on.
One can therefore hope that the introduction, in general relativity, of po-
tentials that exist under fairly general circumstances can lead to a better
understanding of the theory. For instance, four-dimensional potentials could
perhaps be used to gain better understanding of the dynamics of the fields
— this is indeed the case for Gowdy models, where transformations relating
some metric functions with the Ernst potential give insight into singularity
formation [17,18]. Three-dimensional potentials could perhaps be used to
study initial data sets — potentials for the extrinsic curvature tensor are in
fact already used in the conformal method when generating solutions of the
vector constraint equations.

In 1962 Lanczos [15] proposed a tensor potential for the Weyl tensor,
and wrote what is referred to now as the Weyl-Lanczos equations [19, 22]. It
was subsequently showed by Bampi and Caviglia [2] that the Weyl-Lanczos
equations are always locally solvable for analytic metrics in four dimensions.
The existence question for smooth, but not necessarily analytic, Lorentzian
metrics has been eventually settled by Illge [12], who proved global exis-
tence of the Weyl-Lanczos potential on, say smooth, globally hyperbolic
four-dimensional space-times. It has been pointed out in [1] that Illge’s
method works for analytic pseudo-Riemannian metrics of any signature. In
the Riemannian case it should further lead to global existence for smooth
metrics when the associated elliptic operators are invertible.

There exist several publications on the Weyl-Lanczos equations in 4
dimensions for particular space-times, we only mention two recent ones:
in [16] O’Donnell finds solutions for Schwarzschild space-time, while in [§]
Dolan and Muratori construct solutions for stationary, axi-symmetric, four-
dimensional vacuum space-times. As far as other dimensions are concerned,
Edgar and Hoéglund prove non-existence of a Lanczos potential for the Weyl
tensor in n > 7 dimensions in [9]. In [10] another kind of potential — a
double (2, 3)-form P4, — is introduced in arbitrary dimensions by Edgar
and Senovilla.

In 1977 Udeschini Brinis [21] proposed the name “Riemann-Lanczos
equations” for the generalisation! of the Weyl-Lanczos equations to the full

'"Equations (1.1) were implicitly introduced by Lanczos in [14].



Riemann tensor:

Rabcd = Labc;d - Labd;c + Lcda;b - Lcdb;a . (11)

Here one assumes at the outset that L is anti-symmetric in its first two
indices. The existence question for the Riemann-Lanczos equations in the
analytic category was considered by Bampi and Caviglia [2, 3].

The Weyl tensor vanishes identically in dimensions two and three, but
we can still study the Riemann-Lanczos equations there. The local exis-
tence question has been settled in [7,11] for all smooth metrics in dimension
two, and for analytic metrics in dimension three. The purpose of this note
is twofold: first, we present some no-go results for the Riemann-Lanczos
equations. Indeed, we present some simple obstructions for the global exis-
tence of such potentials in Section 2, and we show non-ellipticity of a class
of natural reformulations of those equations in Section 4. Next, we present
three classes of related potentials for the Ricci tensor in dimension three:
In Section 5 we construct two classes of first-order potentials for the Ricci
tensor. Those potentials differ from the Riemann-Lanczos ones by relaxing
the original hypothesis of anti-symmetry of Lgp. in the first two indices.
In Section 6 we present a second-order potential for the Ricci tensor; this
involves an equation that arises naturally in the problem at hand.

2 Obstructions to existence of a global Riemann-
Lanczos potential

We start with a few straightforward non-existence results for global curva-
ture potentials. From (1.1) and from anti-symmetry of L in the first two
indices one has the following equation for the Ricci scalar

R, = tryRic = 4Laba;b .

If M is compact, integration gives
| Ri=0.
M

(i) For compact two-dimensional manifolds a global Riemann-Lanczos po-
tential cannot exist if M is not diffeomorphic to a torus.

This implies:

(ii) In dimensions larger than or equal to three, if g is Einstein the existence
of a global Riemann-Lanczos potential forces g to be Ricci-flat.



(iii) In particular it follows that three dimensional non-flat compact space-
forms do not admit global Riemann-Lanczos potentials (the flat ones
admit of course a trivial one).

3 The Ricci-Lanczos equation
Contracting (1.1) in b and d we obtain
Rye = 2(L(anc) n T Ln(an;c))

)

= Lancm + Lcna;n + Lnan;c + ann;a ’ (31)

We will refer to (3.1) as the Ricci-Lanczos equation.

Since in three dimensions the Riemann tensor is algebraically determined
by the Ricci one, one expects that a solution of the Ricci-Lanczos equation
provides a solution of the Riemann-Lanczos one. Let us show that this is
indeed the case:

PROPOSITION 3.1 Let (M, g) be a three-dimensional pseudo-Riemannian man-
ifold. Every solution Lgp. of the Ricci-Lanczos equations which is anti-
symmetric in the first two indices provides a solution of the Riemann-Lanczos
equations.

PRrROOF: Recall the three dimensional identity

1
Robed = GacRod + gpaRac — JadRbe — GocRad — §R(gac9bd — GadGbe) - (3.2)

In dimension three, pseudo-Riemannian metrics are, up to an overall
sign, either Riemannian or Lorentzian. In an ON frame (so that ggp = € =
+1, 911 = g22 = 1) from (3.2) we have

1
Roio01 = Roo+e (Rll - 2R> ,

1
Ry202 = Roo+e€ (Rm - 2R> ;

Ri212 = R+ Roa — %R7

Roio2 = €Ri2,

Ro112 = —Ro2,

Roo1s = Ror . (3.3)



We see that the first two equations are of the same type, similarly for equa-
tions four and five. For the components of the Ricci tensor and for the Ricci
scalar we obtain

Roo = 2(Loio;1 + Lo2o;2 — Lo11;0 — Lo22:0)

R11 = 2(—eLoi1;0 + L121;2 + €Loto;1 — L122;1)
Ryy = 2(—€Loz20 + L1212 — Lozt + €Lozog2)
Ro1 = Lo21;2 + L1202 — Lo22;1 — L1220 5

Ros = Lo12;1 + L121;,0 — L120;1 — Lo11;2

Ri2 = e(—Loi2,0 — Lo21;0 + Loioz2 + Loz20;1)

R = 4(e(—Lo11,0 + Loto;1 — Lo22,0 + Lo2o2) + L1212 — L122,1) -
(3.4)

It is straightforward to check that the insertion of (3.4) into (3.3) reproduces
(1.1). O

4 Lack of ellipticity

In [12] Illge obtains a well posed system of equations by adding certain
“gauge equations” to the four-dimensional Weyl-Lanczos equations. For
Lorentzian metrics Illge’s system of equations (4) is symmetric-hyperbolic,
whence global existence and uniqueness of solutions of the associated Cauchy
problem on globally hyperbolic manifolds immediately follows.? In Rieman-
nian signature Illge’s equation (4) [12, p. 554] is elliptic. In dimension three
it is natural to ask the question whether the Ricci-Lanczos equation (3.1)
can be completed, by adding some further equations, to an elliptic system.
The answer is no, because the symbol® associated to the partial differen-
tial operator (3.1) is not surjective. Indeed, let rq.(k) denote the symbol of
(3.1), so that

’l“ac(k‘)(L) = Lanckn + Lnankc + Lcnakn + annka

2In particular Illge’s Theorem 1 in [12] follows immediately from the symmetric hyper-
bolic character of this equation. In order to prove existence and uniqueness of equation
(4), one does not need to use his second-order equation (8) in [9].

3By symbol we always mean the symbol associated with the highest order derivatives;
this is sometimes called the principal symbol.



An analysis of the map adjoint to 74.(k) shows that the image of rq.(k) is
the orthogonal of
{a(2kake — [k|*gac) ;o € R},

hence 74.(k) is never surjective. It follows that the addition of new equations
will never lead to a surjective symbol, in particular it will never lead to an
elliptic system (for which the symbol is bijective). This proves that a first
order approach ¢ la Illge cannot succeed for the three-dimensional Ricci-
Lanczos equations.

An alternative approach to Illge’s has been proposed by Andersson and
Edgar in [1], by introducing “potentials for the potential”. In Riemannian
signature this leads to second order elliptic equations, and likewise one can
ask whether the introduction of some new fields, say ¢, so that L in (3.1)
is a first order partial differential operator acting on ¢, might lead to an
elliptic second order system for ¢. Again the answer is no: since the symbol
of (3.1) is not surjective, composition from the right with another symbol
will never lead to a bijective symbol. It follows that a second order approach
a la Andersson—FEdgar cannot succeed either.

Recall, now, that partial differential equations arising in geometry which
are not of definite type can sometimes be replaced by better behaved equa-
tions by exploiting the identities satisfied by the objects at hand: a flag-
ship example is provided by the Lorentzian Einstein equations, which are
not hyperbolic, but their solutions can be constructed by considering an
auxiliary hyperbolic system in wave coordinates. We have made various at-
tempts to obtain a construction of a Riemann-Lanczos potential along those
lines, exploiting the Bianchi identities, without success. In Appendix A we
present a method which came closest to providing a solution, without how-
ever yielding one, except perhaps in some special cases. We describe one
of our unsuccessful approaches there as some elements of the method there
be used in the next section to obtain a Lanczos-type potential for the Ricci
tensor. (Some readers interested in generalising the Andersson-Edgar-Illge
approaches might moreover find it useful to know that this approach, as well
as several similar ones, will not work.)

5 Ricci-Lanczos potentials

Our results were not very encouraging so far, but one can look for other
methods for solving the Ricci-Lanczos equation. Now a consistency require-
ment for the Riemann-Lanczos equation was anti-symmetry of L in its first
two indices, but there does not seem any special reason to impose such a



restriction in the Ricci-Lanczos equation. (A solution of this equation will
then provide a potential for the Ricci tensor, but will not necessarily lead
to a solution of the Riemann-Lanczos equation.)

5.1 Potentials with no symmetry conditions

A simple ansatz which does not assume any symmetry for L, is the following;:
Lope = Aca;b + )\Acb;a + JAdd;cgab s (51)

where A is symmetric while A\ and o are some real constants; obviously we
do not assume anymore that the g-trace of A vanishes. We set

W, = ALy, (5.2)

so that
L" = (1 + O')Acc;b + AWy, .

Inserting all this into (3.1) leads to

R, = 2Aac;bb—|—2>\(Wa;c+Wc;a)—|—2(1+20)Abb;ac—|—2>\ (R(abdc)Abd + R(abAc)b)

(5.3)

The choice A = 0 and 0 = —1/2 immediately gives an elliptic equation for
A,

Rae = 24,.% . (5.4)

It then follows that there exists an open set of (A, o)’s around (0, —1/2) for
which (5.3) is elliptic. We note the following:

(i) On a compact Riemannian manifold with boundary (5.4) can always
be solved with the supplementary condition A,, = 0 on the boundary;

(ii) Integration by parts together with the usual elliptic theory (c.f., e.g. [4,
Theorem 4.1]) shows that on a compact Riemannian manifold without
boundary (5.4) can be solved if and only if for all covariantly constant
symmetric tensors og, one has

/ c®Rup = 0.
M

In this context we note the following result, pointed out to us by
J. Jezierski [13]:

PROPOSITION 5.1 Let ri(p), i = 1,2,3 denote the eigenvalues of the
Ricci tensor at the point p € M. Assume that either



(a) there exists p € M such that

Vri(p) +1v/ra(p) + ey/r3(p) # 0,

for n = £1 and e = +1 (for negative r;’s the square root is
understood in C), or

(b) there exists p € M such that R(p) = 0, with the Ricci tensor at p
being non-zero.

Then all symmetric covariantly constant tensors on M are propor-
tional to the metric, with a constant proportionality factor.

REMARK 5.2 One can use the results in [20] to show that the set of
metrics satisfying (a) is open and dense in the set of all metrics in a
C? topology on a compact set. Note that (b) fails within the class of
scalar flat metrics if and only if ¢ is flat.

Proor: Differentiating the equation Ap.q = 0 and commuting deriva-
tives one obtains
Rabchae + Raechab =0.

Let By, be the trace-free part of Agp, the last equation implies
Rabchae =+ Raechab =0.

Contracting with g*¢ and using (3.2) it follows that
b b R ab
Be'Roq — ARe’Bya + 5 Bed + B Rapgea = 0 -

Writing % for the matrix B%, and & for R%*, we obtain the matrix

equation

trg %
2

Taking the transpose and comparing the resulting equation with (5.5)

we are led to

BR — AR P +

B+ try(BR)id =0 . (5.5)

BR = RRB (5.6)
so that (5.5) can be rewritten as
t
3BR = rg% B+ try(BR)id . (5.7)



Now, # and Z are symmetric, they commute by (5.6), and can there-
fore be simultaneously diagonalised. Writing r; for the eigenvalues of
Z# and b; for those of #, and noting that b3 = —b; — b, (5.7) reduces
to the system

3ri—ro+rs  2(rg—ra) by _ 0
2(7”3 — 7’1) 3ro —r1+ 13 by )

The determinant of the matrix above is
_3(7'% + T’% + 7’% — 2r1r9 — 2r9r3 — 27’17‘3) , (5.8)

which equals

BT+ TV 3) (V=3 75) (VT T T) (VT V=V 73)

(5.9)
Thus, if the product above is non-zero at p, then there exists a neigh-
borhood & of p on which this product is non-zero, and B vanishes
on 0. Then Ay, = 0ggp for some function o on &, and it follows
from Agp.. = 0 that o is constant on ¢. Uniqueness of solutions of
ODE’s implies that Ay, = 0gqp throughout M (M is connected by
hypothesis).

To prove point (b), note that if R(p) = 0 but Rg(p) # 0, then one
eigenvalue of R, say ri, is strictly positive and one eigenvalue, say
rs, is strictly negative, which implies that no factor in (5.9) vanishes.
O

Proposition 5.1 and Remark 5.2 show that generically the only sym-
metric trace-free covariantly constant tensors o are constant multiples
of g and therefore for generic metrics a necessary and sufficient condi-
tion for existence of a potential of the form (5.1) is

/M R=0. (5.10)

In particular if g is scalar flat, R = 0, then (5.1) is always solvable (if
Ra, = 0 then Ay, = 0 is a solution).

(iii) For Riemannian metrics on R3 which are asymptotically flat in the
sense of [5] Equation (5.4) can always be solved,;

(iv) For Lorentzian globally-hyperbolic three-dimensional space-times (., g)
Equation (5.4) can always be solved, with any arbitrarily prescribed
smooth (Agp, Aapc)|.#7, where .7 is any Cauchy hypersurface in ..



5.2 Lg.’s symmetric in the first two indices

It is of interest to enquire about ansatzes for the Ricci-Lanczos potential
which satisfy further properties. For instance, instead of requiring L to be
anti-symmetric in the first two-indices one could ask for symmetry in those.
An integration by parts argument as at the beginning of Appendix A leads
then to the natural ansatz

Lape = At + Ave:a + Wagbe + Wiac (5.11)
with W as in (5.2), and with again a symmetric A. This gives
Lap" = A" p +5Wp
and

Ry = 2Aac;bb+7(Wa;c+Wc;a)+2Abb;ac+2wb;bgac+2 (R(abdc)Abd + R(abAc)b> .

(5.12)
Let o(p) denote the symbol of the operator at the right-hand-side of (5.12),
we have

7(P)ac = 2Aac"po+ T(Aawp"pe+ Acvp"pa) + 2A%pape +2Apap"p gac - (5.13)
To check injectivity we assume o(p) = 0; contracting with ¢g%¢ gives
0= A%p°py + 5Ap"p° . (5.14)
Multiplying (5.13) with p®p® leads to
0= A%p"py + 9Aup"p" . (5.15)

It clearly follows for p # 0 that the last two terms in (5.13) vanish. Mul-
tiplying (5.13) with p® similarly leads now to Agp® = 0, and using this
result back in (5.13) injectivity of the symbol for p # 0 follows. Since the
dimensions match, ellipticity ensues.

We note the following

(i) The operator, say P, defined by the right-hand-side of (5.12) is for-
mally self-adjoint.

(ii) The kernel of P (and thus of P*) consists of tensors such that the
left-hand-side of (5.11) vanishes.

10



(iii) On a compact manifold with boundary we expect that there are no
non-trivial elements of the kernel with zero-boundary conditions; if so,
the usual coercitivity arguments should lead to existence of solutions of
the associated boundary value problem for all R,;. In particular there
should be no obstruction for local existence of potentials for smooth,
or C3 metrics.

(iv) Again assuming that there are no elements in the kernel of A which
go to zero at infinity*, the usual theory [5] would give existence of
solutions on R3 with asymptotically flat metrics.

(v) On compact manifolds without boundary, for those metrics for which
the kernel of P is spanned by constant multiples of the metric tensor
one obtains existence of the potential if and only if (5.10) holds. We
expect such metrics to be generic.

(vi) However, in the Lorentzian case, it is not clear whether the associated
evolution problem on globally hyperbolic manifolds is well posed.

6 A “non-Lanczos” potential for the Ricci tensor

In Appendix A we show that the equation (A.6) considered there fails to
produce a Riemann-Lanczos potential in general. However, as shown in
Proposition A.1, for any fixed k£ we obtain a class of elliptic operators acting
on A, which in some situations can be solved to obtain potentials for the
Ricci tensor. More precisely, for definiteness we consider (A.1) with k, = 0,

Lape = Q(Ac[a;b] - ﬁAs[a ;Sgb]c)a (61)
where 3 is a constant different from 1/2, while
Aab = A(ab)

is a symmetric tensor field. The rationale for looking for such a form of A,
is given at the beginning of Appendix A.

We restrict attention to scalar flat metrics so that (A.5) with a = —1
and vy =60 = k = 0 reads

P(A>¢IC = 2(L(anc);n - Ln(an;c)) = Rac , (6'2)

4This is the case for metrics which are flat outside of a compact set, and standard
manipulations should give the result for general asymptotically flat metrics.

11



(As in (A.4), consistency of this equation requires that the Ricci tensor be
trace-free.) Proposition A.1 shows that (6.2) is an elliptic equation for A.
It should be emphasised that this does not lead to a solution of the Ricci-
Lanczos equation (3.1), as the signs in (6.2) do not coincide with those in
(3.1).

We have the following:

THEOREM 6.1 Let (M,g) be a compact scalar flat Riemannian manifold
without boundary, suppose that there exists 3 # 1/2 such that the formal
adjoint P* of P has trivial kernel.® Then there exists a globally defined
solution of (6.2) on M.

PROOF: Let SZ denote the bundle of symmetric trace-free two-covariant
tensors. Given a bundle B we denote by I'cee(B) the space of smooth
sections of B. Ellipticity of P (¢f. Proposition A.1) implies that we have
the Berger-Ebin splitting [4, Theorem 4.1]

Tow(SE @ T*M) = Im P @ Ker P*.

It follows that if P* has trivial kernel, then there exists at least one (and
perhaps more than one) smooth solution (A, k) of the equation

P(A) = Ric.

If 5 = 1 then P is formally self-adjoint, and the integration by parts
argument at the beginning of Appendix A shows that the kernel of P consists
of trace-free symmetric tensors satisfying

Ac[a;b] - As[a ;Sgb}c : (63)

One expects that generically there will be no such tensors, so that for generic
Riemannian manifolds as in Theorem 6.1 solutions of (6.2) will exist, and
will be unique in the class of solutions of the form (6.1) with 5 = 1. A
similar result should be true for asymptotically flat Riemannian metrics.

SThroughout this work elements of a kernel are non-trivial twice differentiable solutions
of the PDE; they can be assumed to be smooth if the metric is smooth.

12



A An ansatz for the Riemann-Lanczos potential
that does not work

We seek L in the form
Labe = 2(Acap) — BAsia " 9bje) + (kbGac — kagoc) (A1)
where [ is a constant, k, is a vector field, while
Aab = A(ap)

is a symmetric tensor field. The rationale for looking for such a form of
Agp is the following: suppose that Rg. is of the form (3.1), and let Ay, be a
symmetric tensor; multiplying (3.1) by A% and integrating over M (assum-
ing that either M is compact without boundary, or that the integration by
parts without boundary terms is justified one way or another) one obtains

/ Labc(Ac[a;b} - As[a ;Sgb]c) =0.
M

So if L is of the form (A.1) with § = 1 and with k, = 0 one obtains Lg. = 0,
hence uniqueness of the resulting L’s. The justification for the addition of
the k part will follow shortly; in any case we will see that this addition will
not solve the problems we are faced with, and that the ansatz (A.1) does not
seem to lead to solutions of the Riemann-Lanczos problem except perhaps
in special cases.

For any «, 3,7,6 € R consider the second-order linear differential oper-
ator

‘@047@%5(147]{:) = (P(Aa k)’ S(Av k)) ’
where L = L(A, k) is given by (A.1), and

P(Av k)ac = 2(L(anc);n + aLn(an;c)) ) (AZ)
S(AK)a = kan™ — kg + (29 — 1) Ra"kn + 20ka

+(1 - 25)( - 'YRabAlm;n - 5Aan;n
R (3 Agsin — 2Asmia) — RasmAS”) (A.3)

We note that (A.2) with « = 1 would be equal to the Ricci tensor of g when
(1.1) holds. On the other hand if & = —1 then

9 P(A, k)ae = 29" (Ly" eon — Lna"c) = 2(L" ¢y — L™ ) =0 (A.4)

13



identically, whatever A and k.
It turns out that the operator (A.2) has good properties if « = —1.
However, we would like to solve the equation

P(A,k)ap = Rap (A.5)

when a = 1. Now, the value of o will not matter if L, ") = 0. The
question then arises, whether it is possible to choose k to enforce this last
equation; this is the origin of (A.3). Indeed, suppose that the following
system of equations for A and k holds:

Roe = 2(L(anc);n - Ln(an;c)) ’
0 = kon" — k"o + (27 — 1)R,"ky, + 20k,

(A.6)

+(1 - 26)( - PYRabAbn;n - 5Aan;n + Rsn(gAas;n - 2Asn;a) - Ras;nAsn> .

In (A.2) L has to be expressed in terms of A and k as in (A.1). The
constants 3, v and § are left unspecified, and one would hope to be able to
adjust them to get properties which are needed for the operators at hand.
Since the trace of the left-hand-side of (A.6) vanishes automatically, (A.6)
is consistent only if g is scalar flat (i.e., R; = 0), and therefore one would
have to restrict one’s attention to such metrics. Using the Bianchi identities
one can derive a system of equations for the trace L,," (see Proposition A.2
below). When the resulting equation (A.13) has no non-trivial solutions
one will have produced a solution of the Ricci-Lanczos equations. It would
finally follow from Proposition 3.1 that each solution of the Ricci-Lanczos
equations provides also a solution of the Riemann-Lanczos equations.

This program can unfortunately not work for general Riemannian met-
rics: while (A.2) gives an elliptic equation for A except for some special
values of 3, ellipticity is spoiled by (A.3). Similarly for Lorentzian metrics
(A.3) does not provide a good evolution equation for k. We note that this
could be cured if one could find a means of ensuring e.g. that k%, vanishes,
or to modify the ansatz (A.1) to obtain equations in which k%, comes with
a factor different from minus one in (A.3), but we have not managed to do
that.

Let us pass now to the details of what has been discussed above, as this
will be useful for the purposes of Section 6:

PRrROPOSITION A.1 Suppose that g is scalar flat, and assume that A is trace-
free. Let L be defined by (A.1). If g is Riemannian, o = —1, and 3 #

14
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1/2, then P is elliptic if viewed as acting on A at fived k. However, S is
not elliptic if viewed as acting on k at fired A whatever the values of the
parameters, and therefore &2_y g 5 is not elliptic.

PROOF: Because the principal part of &?_; g, s is block-diagonal, to estab-
lish ellipticity one needs to show that for 0 # p € TM the symbols o (P, p) of
(A.2) and o(S,p) of (A.3) are linear bijections — the first from symmetric
trace-free tensors to symmetric trace-free tensors, the second from vectors to
vectors. We choose an ON frame for the metric ¢ in which p is proportional
to es. Rescaling p we can then assume that p = (0,0,p3 = 1). By an abuse
of notation we write o(P,p) for o(P,p)A, similarly for other symbols. One
finds

o(P,p)11 = 2A11 +26A33

o(P,p)aa = 2An + 20433

o(P,p)ss = 2a(A1 + A +25A33)

o(P,p)12 = 2412

o(Pphz = (1-a)(l-05)+ab)ds

o(P,p)as = ((1—a)(1—70)+ af)Ass . (A.8)

We find that for any choice of «, 3 we always obtain
R33 = a(Ry1 + Ra2) (A.9)

so that the operator (A.2) is not elliptic when mapping symmetric tensors
into symmetric tensors. However, if we assume that the tensor A, is trace-
free

A", =0, (A.10)

we can replace Ass by — A1 — Asg, and rewrite the first three of the symbol
equations (A.8) as

o(P,p)1i1 = 2((1—pB)A11 — BA2)

o(P,p)z = 2((1—pB)Axn — BAn)
o(P,p)ss = 2a(1—28)(An + A) . (A.11)
We see that for A, trace-free as assumed and for the choice @« = —1 we

obtain that the symbol equations satisfy

o(P,p)i1 +0(P,p)ae + o(P,p)3z =0.

15



If B # 1/2 the linear map (A11, Aga) — (o(P,p)11,0(P,p)a2) is bijective,
which easily implies that the symbol o (P, p) has now rank five . As we have
five independent components of A, we obtain ellipticity of P for the choice
A", =0 and a = —1.

To finish the proof, we note that the symbol (S, p) of (A.3), again for
the choice of e, so that p = (0,0,p3 = 1), is given by

U(Sap) = (07k27k3) 3

which is not elliptic. a

We set
Za = Lann 5 Wa = Aan;n ’

so that for trace-free tensors A, we have
Za=(1=28)W, — 2k, . (A.12)

PROPOSITION A.2 Suppose that g is scalar flat and that A is trace-free. As-
sume further that S(A, k) = 0 and that (A.5) holds. Then the vector field Z

satisfies the system of equations

Qaf—a—P+1)Z, %+ 2af—a+—1)Z. +(1-208+7v)Res Z°+6Z, =0,
(A.13)
which is elliptic if « #0, B # 1/2, and 2af —a — 3+ 1 # 0.

PROOF: Since g is scalar flat we have R,. = 0. This leads to the three
equations

0 = Rac;c
= (20‘ﬁ —a— ﬁ) (Acmmc ct A" ;nac) + 2ﬂAnS ;sna + 214acmnC
_Acn;a ne — Aan;c ne + (20& - 1)(ka;cc + kc;ac) + 2kﬂ;na 9 (A14)

which can be rewritten using the Ricci identities and the expression for the
Riemann tensor in terms of the Ricci tensor valid in 3 dimensions. Using
the substitution W, = A,".,, equations (A.14) turn into

0 = Raf—a—F+1)Wee“+2af—a+—-1)We,©

+(1 =28+ 7)RocWE + oW, — 0A," s — YRue A . + R*" (3Ausin — 2Asn:a)

—Ragn A" + 2K" 0 + (20— 1) (g € + koo ©) -

16

(A.15)



Here we have added and removed a term yRq W = 7R, A"y, as well as a
term dW, = dA,".,. Expressing W in terms of Z using (A.12) one obtains
0 = Qaf—a—-pF+1)Zyc“+2af-—a+pB—-1)Z,°
+(1 =28 +¥)RaeZ° + 02,
+2(208 —a— B+ 1)kec “+22afB —a+ B — Dkeq ©
+2(1 — 28 4+ v) Rack® + 26k,
+(1=20)( = 04" = TRaeA™ 0 + R (3Aasin — 2Asma)

—Rasin A+ 2" 0 + (20 — 1) (Fase © + ke C)) : (A.16)

Equation (A.3) is equivalent to the vanishing of the sum of the last four lines
above, leading to (A.13). To check ellipticity we calculate, choosing e, as
before and rescaling p so that p = (0,0, p3 = 1), the symbol o(p) and obtain

olpr = (2aB-a-pB+1)Z

1
o(p)2 = 2af-a-F+1)Z
o(p)s = 2a(26—1)Z3 (A.17)
and ellipticity of (A.13) follows. O

A simple way of ensuring that (A.13) implies Z = 0 is the following; the
restrictions on the constants are far from being optimal:

PROPOSITION A.3 Suppose that o« = —1, 3 € [0,2/3], v = =1+ and 6 < 0.
If M s compact without boundary, then the only vector field Z satisfying
(A.13) is Z = 0.

PROOF: Let Z be a solution of (A.13) with o = —1. Rewriting the R, 2"
term as a commutator of covariant derivatives, this is equivalent to

(2-30)Za% — BZe;a — (1 =28+ 7) (2% — Zeso©) +0Z, =0.  (A.18)

Multiplying by Z¢ and integrating by parts one obtains

/ (38 =2)Z4;cZ% + (1 = B4 7) Zae 2% + (28 + 1+ W Z:59)? + 6Z,Z%) = 0.
M

(A.19)
The simplest choice v = —1 + § leads to

/ ((38 — 2)Zg;c 2% — B(Z:)? + 62,2%) = 0. (A.20)
M
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With our choice of § and 3 all terms have the same signs, leading to Z = 0,
as desired. a

In the Lorentzian case we choose the signature (—, +, +) and we use the
index range 0, 1, 2 to label local orthonormal frames e,, with ej — timelike.
We examine first whether our system of equations leading to (A.2), again for
the ansatz (A.1l), consists of a strictly hyperbolic system of equations (cf.,
e.g. [6, p. 590] for definitions). Using an ON frame again, assuming A", = 0,
and that g is scalar flat, the five independent second-order equations (A.2)
for A, read

P(Ak)oo = 2[((a —2a8)do0 + 011 + (1 — 3)022) Ao + B(F22 — O11) A11
+(B+ 208 — 1 — ) (01 Ao1 + Qo2 An2) — 2[3012A12) + L.0.

P(A k)11 = 2[B(0oo + 022)Aoo + (=000 + (208 — )011 + (1 — 3)022) A11
+(14+ a— 5 —2a0)(0o1Ao1 — 012412) — 2002 A02] + l.0.

P(Ak)or = (1+8+a—2a8)00n(Ap — A1) + ((a — 1+ 8 —2ap)
(Ooo — O11) + 2022) Aot + (2a8 — B — 1 — ) (012402 + On2A12) + 0.
P(A, k‘)og = (a +1406— QOzﬂ)aogAn + (2046 —1-0- Ot)(amA[)l + 801A12)

—i—((a —1+38- 204ﬁ)(800 — (922) + 2311)A02 + l.o.
P(A k)12 = (2af - —a—1)012400 + (1 + a+ B —2a)(0o2A01 + Oo1A02)
+(=2000 + (1 — B+ 2af — a) (011 + 022)) A12 + l.o., (A.21)

where [.0. stands for all remaining lower-order terms in each equation. As
before, consistency of zero-traces of A and Ric forces us to impose o« = —1;
this will be assumed from now on.

In order to check whether the equations (A.21) form a hyperbolic second-
order system, we must examine the determinant @) of the coefficient matrix
of the A, in (A.21), where each 0; is replaced by a vector component &;.
This determinant can be written as

Q= ‘ZQU&@ ;
where the Q% are the coefficients composing the coefficient matrix.
We wish to calculate @ for our system for a = —1 and for a vector &
with components (1, k,0). Computer algebra gives
Q = 8(4— 208+ 338 —183%)(k — 1)°(1 + k)° (A.22)
which clearly always has the roots £ = 1 and k£ = —1, with multiplicities

five each unless the prefactor vanishes. Thus the characteristic directions
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are the light-cone directions. Since we obtain multiple eigen-directions, we
conclude that the system (A.21) is not strictly hyperbolic.

This, in itself, does not prove that the evolution problem for (A.6) con-
sidered as an equation for A is ill-posed, but shows that the results from the
theory of strictly hyperbolic systems do not apply here.

For further reference we write P in full details,

P(A, K)oy = 240 — Adpe — A e + (1 — 38)(Aa%ep + Apica) + 2BA“ cagap
—3(kasp + kvya) + 2K .cgab
= 244 = 2R(,“")Aca — 2R (o Ap) " — 3B(Aa’ich + Ab ica) + 2BA% cagar
—3(Kkap + kbsa) + 2K .cgap
— A, + ST {—QR(aCdb)Acd — 2Ry Ay — 684, ch — 6ka;b} , (A.23)

where we use the symbol ST {-} to denote the symmetric traceless part.
When studying mapping properties of &?_; 5.5 one needs to consider
the formal adjoint Qilﬂmé of Z_1 5+, Writing gzil,ﬁ,y,é as

P21 g = (PH(A ), S (A K))
after several integrations by parts one obtains
P*(A Ky = 240 e+ ST {~2R(u" Act — 2Ra(a Ay = 68440
+ (1= 28) (y(K*Rea)o + Ok = 3(Rako)c + 20k Rap)c = *Reap) | -
= 244+ ST { =24 pe + (2 —68)Au" e

+ (1 - Zﬁ) (V(chca);b + 5ka;b - 3(Rackb);c + 2(chab);c - kCRca;b) } )
(A.24)
S* (A k)a = kan™ — k" + (27 — 1)Ry"kp + 20ka + 64, . (A.25)
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