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Abstract

We prove that any real, vacuum gravitational perturbation of a four-dimensional
vacuum pp-wave space-time can be locally expressed, modulo gauge trans-
formations, as the real part of a Hertz/Debye potential, where the scalar poten-
tial satisfies the wave equation. We discuss relations with complex perturb-
ations, complex space-times, non-linear structures, and real spaces with split
(ultra-hyperbolic/Kleinian) signature. Motivated by generalized notions of par-
allel spinors, we also discuss generalizations of the result to other space-times.
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1. Introduction

Pp-wave space-times (plane-fronted waves with parallel propagation) are exact solutions to
the Einstein equations modelling gravitational radiation, and defined by the existence of a
(non-trivial) parallel null vector field'. These space-times are interesting both physically and
mathematically for many reasons: they are relevant for gravitational wave physics; they sat-
isfy, in appropriate cases, a linear superposition principle; they represent a universal limit for
general relativity in that, as shown by Penrose [1], every Lorentzian space-time looks like a
plane wave near a null geodesic; all their curvature invariants vanish (which is relevant e.g. for
string theory); etc. In addition, closer to our motivation, they represent the simplest case of

1A special case corresponds to plane waves, which have an isometry group that is at least five-dimensional, while
generic pp-waves have in general only one Killing vector.
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a four-dimensional Lorentzian geometry that admits a parallel spinor field [2]. In this work
we study vacuum gravitational perturbations of pp-waves in four dimensions, and the prob-
lem of representations of solutions to linearized gravity in terms of the so-called Hertz/Debye
potentials.

The general question we want to address is: can any real vacuum gravitational perturbation
be represented, modulo gauge, in terms of a Hertz/Debye potential? This is conjectured to be
true, locally, for perturbations of all algebraically special vacuum spaces, cf the introduction
in [3]; but, as far as we know, the problem has only been completely solved for the case of
Minkowski space-time [4, 5], [6, section 5.7.] Our main result is given in sections 3.1 and 4.

Although in this work we study the special case of pp-waves, the techniques we use also
apply to perturbations of the above more general class of solutions. This is because our pro-
cedure is based on exploiting the existence of special geometric structures called «- and (-
surfaces, or simply twistor surfaces, that are present, in particular, for any algebraically special
Einstein space-time. Pp-waves have the advantage that, while having a very simple curvature
structure that facilitates computations, the conceptual difficulties one has to deal with in the
other more complicated cases are already present in this class. We illustrate this point by study-
ing the more general case of a ‘half-Kdhler’ vacuum space-time (see sections 2.2 and 4).

Furthermore, the fact that our method is based on twistor surfaces allows us to give, in the
pp-wave case, a precise description of the close connection that exists between the Hertz/Debye
representation of real linear gravitational perturbations and the fully non-linear geometry of
a complex analogue of a pp-wave: a complex four-manifold admitting a parallel spinor field.
Notably, the situation can also be understood in terms of real geometry, but for a metric with
split (also called ultra-hyperbolic, Kleinian, or neutral) signature.

Finally, parallel spinors constitute the major motivation in this work, since as detailed in
section 2.2 below, a pp-wave is the simplest case of a general scheme in which special geo-
metries (including e.g. black hole space-times) are characterized in terms of ‘generalized par-
allel spinors’. Our approach exploits a simple link between generalized parallel spinors and
complex geometry, and it has direct connections to the twistor programme and the heavenly
formalisms of Penrose, Newman and Plebanski; see section 2.

1.1 Summary

In section 2 we give an elementary review of spinors in 4d; present our motivation relating
parallel spinors and complex geometry; and deduce the structure of a four-geometry that admits
aparallel spinor in Lorentz signature and also for complex metrics. Our main result is presented
in section 3 where we study gravitational perturbations. In section 4 we study a generalization
of this result, to the case of a ‘half-Kéhler’ vacuum space-time. Some final remarks are given in
section 5. We include appendix with additional details of calculations. We follow the notation
and conventions of Penrose and Rindler [6, 7]; in particular, we use abstract indices.

2. Parallel spinors, real and complex space-times

2.1. Preliminaries

Given a 4d complex vector space with a metric g,, and an orientation, the orthogonal group is

SO(4,C) = (SL(2,C) x SL(2,C))/Z. 2.1)
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The relation between the two sides of (2.1) is understood by fixing an isomorphism o between
C*and C? ® C?, i.e. one writes a column vector vin C* as a matrix o (v) in C*> ® C2. Then (2.1)
means that, for any orthogonal transformation A € SO(4,C), there are elements L and R in
SL(2,C) such that o(Av) = Lo (v)R".

Elements in each copy of C? are called spinors. Since each C? has an independent action
of SL(2,C), there are two different kinds of spinors. We say that the two kinds have opposite
‘chirality’. In abstract indices, these are distinguished by primed and unprimed indices, e.g.
¢*" and ¢*, and the isomorphism o is v* — o(v)* " =y, We usually omit o, so that we
identify v = v’ This way we have the usual identification of indices a = AA’, b= BB/,
etc which we follow in this work. From the relation g(v,v) = 2deto(v) one deduces that the
metric is g., = €4p€a g+, Where e4p is the natural volume element of C2.

Without any reality conditions, spinors of opposite chirality are independent. Real forms
of (2.1) corresponding to different metric signatures are recovered by using different reality
structures. These structures can in turn be understood as operations on spinors, that we call
‘spinor conjugations’, and they may or may not lead to relations between chiralities.

For Lorentzian reality conditions, spinor conjugation interchanges chirality, so the action
of the two factors in the RHS of (2.1) is not independent, and one recovers the Lorentz group
SO(] 3)= SL(2 C)/Z,. We denote Lorent21an spinor conjugation with an overbar, e.g. o —
@*". A spinor ¢* and its complex conjugate @* produce areal null vector N* = AgoA Given
a basis of C2, {0*,:}, one can consider the complex conjugate basis {o"",7*"} and construct
four linearly independent null vectors as

Z":()AZ)A/, na:LAZA/, ma:()AFA/, = Aot 2.2)
If the basis {oA,LA} is normalized by ea0™ 18 =1, then the vectors (2.2) satisfy the usual
conditions for a null tetrad: gabfanb =1=- gahm“mb, and the rest vanishes.

For Euclidean (/Riemannian) reality conditions, spinor conjugation { preserves chirality,
but a spinor * and its complex conjugate ¢ are linearly independent: if " has components
(a b) relative to some basis, then 4 has components (—b,a). Since 1 is anti-linear and it holds
2 = —1, this is really a quaternionic structure. The Euclidean form of (2.1) is SO(4,R) =
(SU(2) x SU(2))/Zj, and chiralities are independent. Given a spinor o, one has a spin basis
{0*,01}, but unlike Lorentz signature, this does not give a basis for the opposite chirality.

Finally, the restriction to real elements in SL(2,C) corresponds to a metric with split signa-
ture. The isomorphism (2.1) becomes SO(2,2) = (SL(2,R) x SL(2,R))/Z,, spinors are real
and chiralities are independent.

Over an open neighbourhood on a smooth manifold M equipped with a metric g,;, one
constructs the primed and unprimed spinor bundles S’, S, and the considerations above apply
pointwise on each fibre. A spinor field is a (local) section of S or S’ (or tensor products of
them). If x4 are local coordinates on M, we use the identification of indices a = AA’, etc to
write e.g. dx” = dxt’, Similarly, the Levi-Civita connection is V, = Vaa /. If (M, g, ) is real,
the operator V4 is also real.

2.2. Motivation: parallel spinors
A parallel (or covariantly constant) spinor is a spinor field o? that satisfies
Vaa0® =0. (2.3)

The existence of a non-trivial solution to (2.3) imposes strong restrictions on the geometry.
Specific restrictions depend on the metric signature, see [2].
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Table 1. Different notions of parallel spinors give different special four-geometries.
©44 is the ‘GHP connection’, and Cay4+ is a conformally invariant version of it. Apart
from V44/0° = 0, the other equations are non-linear, since the connections depend on
o”. The terminology in the Lorentzian case is perhaps not standard, although similar
names have been used by Flaherty [14]. In the split case, the conditions can be related
to para-complex geometry.

Condition Riemann signature Lorentz signature Split signature
Vaur0®=0 hyper-Kihler Pp-wave Null-Kéhler
Ouu08=0 Kihler ‘half-Kihler’ No name
Canr0® =0 Hermitian ‘half-Hermitian’ No name

In Lorentz signature, complex conjugation of (2.3) gives a parallel spinor with opposite
chirality, VAA/EB/ = 0. The real null vector ¢* = 0808  is therefore covariantly constant, so
the geometry is a pp-wave. In this work we are interested in this case, see section 2.3. In
Riemann signature, the complex conjugate of (2.3) is V44,0 = 0. One then has a parallel
spin frame, so the manifold must be hyper-Kihler. We will not focus on this case. In split
signature, a (real) solution to (2.3) is equivalent to a null Kihler structure, see [8, 9].

Our interest in parallel spinors actually arises from ‘generalized’ versions of them, where
one considers connections more general than the Levi-Civita connection. Such generalizations
are important both in physics and in mathematics. For example, these objects appear in super-
gravity in relation to the existence of supersymmetries; and they are also relevant in certain
areas of pure geometry, for instance concerning different definitions of ‘mass’. See e.g. [10].>

But our major motivation is the connection that generalized parallel spinors turn out to have
with complex geometry. For example, a Kéhler manifold can be characterized by the existence
of a parallel (pure) projective spinor, see [11]. In four dimensions (where all spinors are pure),
this can be expressed in terms of the Riemannian version of a connection that is well-known in
general relativity, the so-called ‘GHP’ connection ©44-. (See [6, section 4.12] for the meaning
of this symbol and the associated formalism.) Interestingly enough, a Hermitian manifold can
be similarly defined via parallel spinors, using a generalization of ©44-, that we may call
‘complex-conformal connection’ or ‘conformally invariant GHP connection’, and we denote
by Caa, cf [12, 13]. We summarize the situation in table 1.

The operators ©44- and Cga are well-defined in any signature3 . Our interest in the (gener-
alized) parallel spinor equations presented in table 1 is that they imply the existence of twistor
surfaces, which are the basic object that give integration procedures. The kind of algebraic and
differential manipulations that one has to follow in these procedures is essentially the same in
all cases, which is why we find the parallel spinors viewpoint attractive: it is both conceptually
(geometrically) meaningful and computationally practical. In this paper we are interested in
the simplest case, equation (2.3), and its applications to the linearized gravity problem in gen-
eral relativity. We will also discuss the ‘half-Kéhler’ case, see section 4. For the treatment of
Cya+0% = 0 in conformal geometry, see [13] (perturbations are not treated in this reference).

2.3. Lorentz signature: pp-wave space-times

We define a pp-wave space-time as a four-dimensional Lorentzian manifold (M, g,;) that
admits a non-trivial parallel real null vector N, N,N* = 0, V,.N? = 0, and such that the Ricci

2 We are interested in parallel Weyl spinors, while in supergravity and related areas one considers Dirac spinors.
3 One needs a pair of spinors in the construction of ©4,/, C44. In the Riemannian case a single spinor is enough
since its complex conjugate gives the other. In the other cases the extra spinor can be chosen at will.
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tensor is R, < N,Np. As shown in [15], any such geometry admits a parallel spinor, that in the
rest of this work we denote by o?. The associated parallel null vector is denoted by £ = o%5% "

The following result is just the standard characterization of pp-waves in terms of Brinkmann
coordinates, and it is well-known:

Proposition 2.1. Let (M, g.,) be a Lorentzian space-time admitting a non-trivial parallel
spinor field o*, equation (2.3). Then there exist (locally) a coordinate system (u,v,¢,¢) and a
real scalar field H= H(v,(,() such that the metric is

g = 2(dudv — d¢d¢) + Hdv*. (2.4)
The Ricci scalar vanishes, and the rest of the curvature is given by
1 _
Paparp = EHCZOAOBOA’OBH (2.5)
1
Vapcp = 5Hegoaopocop (2.6)

where HCE = 8¢65H and HQ:E = 8§3§H

It is instructive to look at the derivation of this result from the perspective of twistor surfaces;
we will do this in the rest of the section 2.3.

Consider the two-dimensional complex distribution in TM®C given by D=
{o"B"" | A" €S'}. The condition for this to be involutive (i.e. [D,D] C D) is the shear-
free equation 0%0®V 405 =0 (cf [7, section 7.3]), which is certainly satisfied if (2.3)
holds. This implies that there exist complex two-surfaces in the complexified space-time
CM, called B-surfaces, such that their tangent bundle is D. Analogously, the distribution
D= {"" o’ | o €S} is involutive, and is the tangent bundle to a different kind of com-
plex two-surfaces in CM, called a-surfaces. Let us focus on the former. The [-surfaces are
labelled by two complex coordinates (v, () that are constant on them, namely 0"V 4/v =0,
oAVAA/C =0 (see [7, lemma (7.3.15)]). From these two equations we deduce that there are
two spinor fields, say v4, a7, such that Vaa /v =04var, Vaa:{ = 0aly:. Since £, = 0404 is
covariantly constant, it is in particular closed, so we can take va» = 04/. So (v,() are defined
by

dv=o0404.dx™’,  d( = oaia dx™. 2.7

We see that v is real, whereas ( is complex. They are functionally independent, which means
that 047 = N for some scalar field N #£0.

From the condition d?¢ =0 we deduce that 0"V, 75- = 0. Therefore, 0"V 4N =0,
which implies that N is a holomorphic function of v,( (i.e. dN is a linear combination of dv
and d¢), so it can be set to 1 by a coordinate transformation ¢ — ¢’(v,¢). We drop the prime
and denote again by ( the new coordinate, with o =1.

Notice that v@ satisfy aA/VAA/v =0, EA/VAA/f =0, so these scalars are constant on o-
surfaces. This is a generic feature of Lorentz signature: spinor complex conjugation inter-
changes a- and [-surfaces.

Using some of the previous identities, one can show that the vector fields o*o*" and
0?7 commute, so we have two functionally independent scalar fields u, w defined by 0, =
0*0* Oppr, B, = 07" O4ps. We see that u is real and w is complex. These are coordinates
along the B-surfaces. The coordinate w is however not functionally independent of (v, ), since
a short calculation gives 9z = —o" ' Opas. Summarizing, we have

Ou=0"" Oapr,  Op=—0"1" Oan. 2.8)

5



Class. Quantum Grav. 40 (2023) 025006 B Araneda

a-surface C CM B-surface C CM

(v, ¢) =constant (v, ) =constant

real light ray v C M

Figure 1. An a-surface, a B-surface, and a real (Lorentzian) space-time intersect in a

. —, / .
real light ray -, that has tangent vector £ = 05" = 9. The coordinate system defined
by these twistor surfaces coincides, in the pp-wave case, with Brinkmann coordinates.

So a- and B-surfaces give a coordinate system (u,v,(, () for M, that we illustrate in figure 1.
For pp-waves these are simply Brinkmann coordinates, so the interpretation is known: the
integral curves of /¢ = 0*o*" are the rays of the wave and u is an affine parameter along them,
the hypersurfaces v = constant are ‘wave surfaces’, and the real and imaginary parts of ( are
coordinates transverse to the direction of propagation of the wave.

With the above information, the structure of the metric can be deduced from the expression
8ub = €ABEA’p’, DY Teplacing eap = oalp — La0p, its complex conjugate, and the definition of
the coordinates (2.7). When doing this computation, one finds that the only piece of informa-
tion missing at this point is an expression for the 1-form 474 dx?4 . This can be obtained as fol-
lows. For any function f, we have d f = (V4. f)dx**". Using the identities V5, = 6565,V g,
and 6% = 0418 — 140%, together with definitions (2.7) and (2.8), and putting f = u, we get

! ’
taly dx? = du — (LAZA VAA/u) dv.

The expression (2.4) for the metric then follows straightforwardly, by defining the real scalar
field

H:= 227 V. (2.9)

This function H represents the wave profile, and the case H = 0 reduces to Minkowski space-
time.

We also notice that in the coordinate system (u,v,(,(), the wave operator acting on an
arbitrary scalar field ¢ is

O = 2(pw — ¢cz) — Hou, (2.10)

where ¢, = 0,0,, etc.
There is a natural spin frame: the parallel spinor o4, and the spinor ¢4 used in (2.7). The
associated connection 1-form has only one non-trivial component:

Varrtg = —K'0405047, (2.11)
where £/ := — 4878 Vg, 14. In order to show this, notice first that, from (2.7) and d2C = 0,
it follows that 0% V445 = 0. In addition, from (2.7) one deduces that 04 = —0* Va4 and
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1o = ' V4. C. These identities can then be used to show that 0V 4415 = 0, 50 (2.11) follows.
In terms of H, the expression for ' is

= %HC- (2.12)
This can be shown by using (2.9), which gives oAV s H = 288" Vg 14
For the curvature, equation (2.3) implies [V,,V;]o? =0, so it follows that A =0,
QABA e CI)220AOB(_)A rog, and \I’ABCD = \II4OA030c00, where @22 and \114 are defined by con-
tractions with (4, " on the left-hand sides. Expressions for ®,, and ¥, in terms of H can be
deduced, for example, by using the Newman—Penrose equations and the fact that all spin coef-
ficients except ' vanish: equations (4.11.12)(a’) and (4.11.12)(b’) in [6] give Py = —IK’
and ¥, = —¢'s’ (in Newman-Penrose notation). Using then § = —0¢, 6’ = —0, (which fol-
low from (2.8)) and (2.12), one obtains the expressions (2.5) and (2.6).

2.4. Complex space-times

We now consider a complex space-time with a parallel spinor. Here, we are referring to a
genuinely complex four-manifold, not to a complexified pp-wave space-time. See [7, section
6.9] for the distinction between ‘complex’ and ‘complexified’ space-time. In the complexified
case we still have two parallel spinors of opposite chirality (o* and o*’ become independent
but they are both parallel), whereas in the genuinely complex case we only retain one parallel
spinor.

The situation is very similar to the case of split signature. This is because in that case,
spinors are real and the two chiralities are independent. The following result is for complex
space-times, but if one replaces ‘complex’ by ‘real’ everywhere then exactly the same holds
true for split signature metrics, as was already shown in [8, 9]:

Proposition 2.2 (see [8, 9]). Let (CM, 85;) be a complex space-time with a non-trivial parallel
spinor field o*. Then there exist, locally, a complex coordinate system (u,v,(,w) and a complex
scalar field © * such that the metric is

g% = 2(dudv + d¢dw) — 20,,,,dv* + 40, dvd( — 20,,d¢? (2.13)
where ©,,,, = 0,,0,,0, etc. The Ricci scalar vanishes, and the rest of the curvature is given by
Ppparp’ = 0408V aVp f, (2.14)
1
Wapcp = — EOAOBOCODny (2.15)
(I)A/BIC/D, = —@A/@Blﬁc/@Dle, (216)
where @A/ = 0V s, O is the wave operator associated to (2.13), and

f =0, + 6(w + 0Oy — @2

uw:*

(2.17)
In coordinates, the wave operator [] acting on an arbitrary scalar field ¢ is

Ekp = 2(<Puv + Pw¢ + @uu@ww + GWWWW - 2@uw<puw)~ (218)

From proposition 2.2 we see that the vacuum Einstein equations are now more complicated
than in the pp-wave case: the Ricci-flat condition is equivalent to V4V, f =0, which in

4 The symbol © here should not be confused with the GHP connection © ,,/ used in other parts of this paper.
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the coordinate system of the proposition reads f,, = fiw = fiww = 0. The solution to this is
f=pv,Qu+q(v,Q)w+r(v,(), where p,q,r are arbitrary functions of (v,(), so in terms of
the ‘potential’ ©, the Einstein equations are

Ou +0O¢y + 0,0y — @5W =pv,Qu+qv,O)w+r(v,Q), (2.19)

see [8]. This is a very special case of the hyper-heavenly equation of Plebanski and Robinson
[16]. The non-trivial right hand side in (2.19) (i.e. f # 0) complicates the analysis of the integ-
rability properties of this equation. The special case f =0 is Plebanski’s second heavenly
equation, and notice from (2.15) that this case gives a self-dual (half-flat) space, which is an
integrable system by virtue of the non-linear graviton twistor construction of Penrose.

It is useful to briefly discuss the structures involved in the derivation of the result of
proposition 2.2. As in section 2.3, the condition V4:0% =0 implies that the distribution
D= {o"p"" | pA" €S’} is involutive, and this gives origin to S-surfaces in CM, which are
labelled by two complex coordinates v,¢ defined by 0V as/v =0 =04V 44-C. Unlike the
Lorentzian case, there are no «-surfaces now. In addition, both coordinates v, ( are now com-
plex. There are two independent spinor fields v4,(4/, with vAfCA/ = N # 0, such that

dv=oavadx™’,  dC=04Cadx™. (2.20)

From the conditions d?v = 0 = d>¢, it follows that @A/VB/ = @A/CB/ =0, which give @A/N =
0, so we can set N = 1 by a coordinate transformation.
Using the above information, a short calculation shows that the vector fields o*v*" and

0*¢*" commute, so we have two functionally independent complex scalar fields u, w defined
by

oA O =00y A Opur = 0. 221

They correspond to complex coordinates along the 3-surfaces. Thus, we see again that twistor
surfaces produce a natural coordinate system (v,(,u,w) for CM: these are the coordinates
used in proposition 2.2, and they generalize the Brinkmann coordinates of the pp-wave case
of proposition 2.1.

The structure (2.13) of the metric can be deduced in a similar way to what we did in
section 2.3: there is a flat (complex) metric 7,;, and a symmetric spinor field Hy g, such that

8ab = Nab + 0a0pH4 5. (2.22)

The components of Hy 5+ generalize the pp-wave profile function H (2.9). In addition, a short
calculation shows that Hy g satisfies VA Hy g =0, so there exists a scalar field © (see
Remark 3.2 below) such that

Hpgr = —2V 4/ Vg 0. (2.23)

The equations (2.22) and (2.23) give a coordinate-free expression for (2.13). The Einstein
equation (2.19) is, in coordinate-free terms:

D@—z(m/%/@) (@A’@B'e) — . VaNp f=0. (2.24)

3. Perturbations

We will now study real gravitational perturbations of a real, Lorentzian, vacuum pp-wave
space-time, and connections with complex space-times. We recall that the structure of the
background pp-wave space-time is described in proposition 2.1: one has Brinkmann coordin-
ates (u,v,(,() defined by a- and -surfaces, the spinor field o* is parallel, the spinor /4 is

8
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defined in equation (2.7), and all the information of the geometry is encoded in the real scalar
field H. In addition, the vacuum condition for the background implies that H.: = 0.

3.1. Main result

Theorem 3.1. Let (M, g,5) be a vacuum pp-wave space-time, equation (2.4) with H.; =0. For
any real metric perturbation hyy, satisfying the linearized Einstein vacuum equations, there
exist, locally, a real vector field V, and a complex scalar field ®, such that hy, can be written
as

hay = 2Re (hly,) + VoV + V3V, 3.1)
where 2Re(hL) =, + hB - and WY, is given by

hhy = 0405V 4 Vg ® = Qpelyly + 20, L amy) + Dyumamy, (3.2)
with ®z, = 9:0,®, etc, and Var = 0"V aur. The scalar field  satisfies the wave equation

0o =0, (3.3)
where U is the wave operator associated to g,p, equation (2.10).

We prove this result in section 3.2 below. Note that in tensor terms, the tensor field (3.2) can
also be written as

/’lll;lh = chd[H(aCdb) CI)], Habcd = 4€[amb]€[cmd] . (3.4)

This is the usual expression for a Hertz/Debye potential in perturbation theory, particularized
to the special background of a pp-wave. (The superscript ‘H’ is from ‘Hertz’.)

Combining the result of theorem 3.1 with the discussion of section 2.4, we see some sort of
correspondence between a real linear problem and a complex non-linear one: modulo gauge,
the linearized gravity problem for real pp-wave space-times would seem to be a ‘linear version’
(see below) of the structure of a complex space with a parallel spinor. Furthermore, as observed
in section 2.4, the non-linear structures can actually be understood in a real context, by going
to a real space with a split signature metric.

Note that this correspondence can be established only after one proves theorem 3.1: we
want to show that there exists a scalar potential for the gravitational perturbation, while in a
linear version of (2.22)—(2.24) one is already assuming that a potential exists. Actually, a closer
look at the linear version of (2.22)—(2.24) reveals that the situation is subtle:

e By ‘linear version’” we mean that, in the complex metric (2.22) and (2.23) and in the complex
Einstein equations (2.19), one formally replaces © by © + £® (where ¢ is a parameter), and
one keeps only linear terms in €. Then the perturbation to the background complex metric
is exactly (3.2), and the scalar field ® would seem to satisfy the wave equation [1® = 0. In
addition, using the general expression [6, equation (5.7.15)] for the perturbed Weyl spinor,
it is not difficult to show that for the complex perturbation (3.2) one has

. 1 B 1~ ~ ~ -
Wapcp[ht] = gOAOBOCODDD(I’v Wyrprorp [h] = EVA/VB’VC/VD’(I)a (3.5)

which resemble (2.15), (2.16).

e However, the linear version of the complex Einstein equations is the fourth order equation
Va Ve Ob =0, see (2.14). Analogously to the discussion around equation (2.19), this
implies that [J® = F, where F is a function such that F,, = F,,, = F,, = 0, so one does

9
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not really get the homogeneous wave equation for . We will encounter a similar issue in
our proof of theorem 3.1 below, where we will show that one can get rid of inhomogeneous
terms by considering gauge transformations.

e Even if one manages to get the homogeneous wave equation, the background real and com-
plex geometries, equations (2.4) and (2.13) respectively, are different, which means that the
wave equations, while formally equal, are different in practice. Explicitly, the wave operators
of the real and complex geometries are given by equations (2.10) and (2.18).

3.2. Proof of theorem 3.1

3.2.1. Preliminaries. ~ We consider a smooth mono-parametric family of real space-times
(M, ga»(g)), where gu» = ga»(0) is the background space-time and is assumed to satisfy the
vacuum Einstein equations R, = 0. The background Levi-Civita connection is denoted by
V., and the linearization of the metric is h,, = % |e=0[ga»(€)]. The linearizations of the Ricci
tensor and of the curvature scalar are linear operators acting on 4,,. They will be denoted by
Rup [1] and R[h] respectively, and explicit expressions for them are (see e.g. [17])

. 1 1 1 1
Rab[h] = - EDhab - Evavb(nghcd) + Evcvahbc + Evcvbham (36)
R[h]) = V*Vlhgy, — O(g%hap). (3.7)

Calculations are greatly simplified by using spinors. We emphasize that we do not perturb
spinors themselves, we just use the spinor structure of the background space-time. Since all
perturbations are tensor fields, they can be written in spinor language, using the usual diction-
ary between tensor indices and pairs of spinor indices (see section 2.1). For example, using the
background Levi-Civita connection V, = V4, for the perturbed Ricci tensor we can write
Rab[h} = Rupa'B’ [/’l}, with

. 1 ) ,
Ruparp'[h]) = 5 Ohapap’ + Var: Vs (§%hea) — V' Vanrhgprcer

—vCC’vBB/hAAICC/} . (3.8)

Notice that this does not mean that we are linearizing a spinor field. In this work, the meaning
of ‘perturbed field’ is the ordinary one in perturbation theory in general relativity (see e.g.
[17D).

Let {0",:"} be a spin frame for the background space-time, e430".# = 1. For the calcula-
tions in section 3.2.1, it is useful to define the operators

ﬁA/ = OAVAA/, VA/ = LAVAA/, ?A = 5AIVAA/, VA = FAIVAA/. (39)

For the particular case of a pp-wave background, from the discussion of section 2.3 we have
Va0 =V408=0,V4B=0and V48 = —Kk'64/05.

3.2.2. Theradiation gauge. As is well-known, diffeomorphism invariance in general relativ-
ity implies that in linearized gravity, any metric perturbation A, is physically equivalent to
hap + K[E€)ap, where K[E]ap = V& + Vi, and &, is arbitrary. For a vacuum background, it
identically holds R, [K[¢]] = O for any &,. For a pp-wave, in appendix ‘The gauge operator’
we give explicit expressions for the components of K[£]p.

For a background space-time possessing a null vector ¢¢ associated to a geodesic shear-free
congruence (which is certainly the case for the pp-waves studied in this work), one can impose
(see [18]) the so-called radiation gauge:
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Chay =0,  g”hay =0. (3.10)
A short calculation then shows that in terms of a null tetrad {¢,,n,,m,,m,}, it holds
hab = hnnfaéb - 2hnm€(amb) - 2hnm£(amb) + hr?trhmamb + hmmﬁ’lamb (31 1)

where h,,, = n°n’h,,, etc. Replacing the expression (2.2) for the null vectors, in spinor lan-
guage we get

hap = OAOB)O(A’B/ + 5,4/53/)0(,43,
where

o 1 o - o

Xap = EhnnoA’OB’ = 2hum0ar Lpry + Riminlar Uy -
Now, let ¢ be an arbitrary real scalar field. Then we have, trivially,

hap = 040pXa g + 04/0p: Xsp + 1) 040B0A10p’ — %) 0A0p04 /O

= 0405 (Xarp: + i) 0p105) +0p:08: (Xap — it 0408), (3.12)
—_—
::XA/B/ :)_(AB

so the tensor field (3.11) is

hap = Yab + Vab, Yab = 040pXp B (3.13)

The reason for including the arbitrary scalar field ¢ will become clear in the section 3.2.3. The
relation between the components of X4-5/ and the components in (3.11) is

1
Xo/0' = Niuins Xo/10 = hyin, X = Ehnn +it. (3.14)

It is important to note that the conditions (3.10) do not exhaust the gauge freedom. In
appendix ‘Residual radiation gauge freedom’ we analyse the residual gauge transformations
under which (3.10) is preserved. This plays an important role below.

3.2.3. Potentials. ~We now assume that we are given a real metric perturbation A, in radiation
gauge, equation (3.13), that satisfies the linearized Einstein vacuum equations:

RABA/B’ [h] = RABA’B/ (7] +RABA/B/ 7] =0. (3.15)

Notice that this equation does not imply that RA pa’p’|y] vanishes. Using (3.8), (3.9) and (3.13),
after some calculations we find the following expressions for the linearized Ricci tensor and
Ricci scalar of the tensor field v,, = 040X /p/:

Ry = VA VE Xy g0, (3.16a)

. 1 ~ A/ ~ A7
Raparp'[v] = —3 [voBDXA/B/ +05VA Vap Xprcr +0,VA VBB/XA/C/}. (3.16b)

For the complex conjugate 7, = 0405:X4p, the corresponding formulas are obtained by
simply taking the complex conjugate of the above. Note that, regardless of (3.15), it follows
immediately that

0*oPRagars ] =0, 046" Raparp:[7] =0. (3.17)
From (3.16a) and its complex conjugate, we find
R[n) = VA"V X150 + VAVEX 5
- (@A’W’&A,Bf + iaﬁw) n (W?B?AB - iagw) —0, (3.18)

1
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where in the second line we used the definition of X5, given in equation (3.12). We now see
the reason for including the arbitrary scalar field #): since it is free, we can choose it so as to
satisfy

P =iVAVE Xyp0, (3.19)
or more explicitly:

1
0atp =1 | Oham +20u0chun + 5 0han | - (3.20)

(One still has the freedom 1 — v +x with d?x =0, but we will not need this.) The
choice (3.20) of v has the consequence that

VA'VE X5 =0, (3.21)
which implies that there exists, locally, a spinor field Y4 such that
Xargr =V (aYpr). (3.22)

Remark 3.2. The argument for deducing (3.22) from (3.21) is essentially a variant of the
argument given by Penrose in [5, section 4]. It is always true locally, and it can be extended
globally to a region that has vanishing first and second homotopy groups. As explained by
Penrose, this topological restriction accounts for the impossibility of finding global potentials
in certain cases, such as for Coulomb fields.

In coordinate terms, the above means that, by virtue of the vanishing of the perturbed Ricci
scalar of h,,, and by choosing 1 in the form (3.20), one can locally find two fields Y/, Y;-
(which are the components of a spinor field Y4 in the spin frame {04,724 }) such that

0uYor = hium, (3.23a)

OuY11 — 0gYor = 2hym, (3.23b)
1 .

8EY1 r= <2hnn + lw) . (3.23¢)

From these equations we see that there is some freedom in Yy, Y;/: one can check that
the equations are invariant under Yo, — Yo/ + 79/, Yys — Yy, + 71/, where 7o, = p(v,¢){ +
go’ (v,¢) and 71 = p(v,Q)u+qi-(v,¢), with p,qo,q;- arbitrary functions of v, (. Alternat-
ively, this is seen from integrating equations (3.23), which gives

YO’ - /duhmerP(V,C)EJFC]O/(V,C)a (324(1)

ro=-fa (;hmw) Tt a1 (,0), (3.240)

From a coordinate-free perspective, the freedom in p, g+, g+ corresponds to the fact that
equation (3.22) is invariant under Y4, — Y4/ + 74, where 7,4/ is any solution to @(A/TB/) =0.
We will not need to use this freedom.

In view of (3.22), the original real metric perturbation is

hab =Yab +Fabs  Yab = 0408V (a+ V). (3.25)

The linearized Ricci operator for tensor fields of the form v, = voB@( A+ Ypry is, of course, a
special case of (3.16b). After some calculations, we find

_2RABA’B’['7] = OAOB [Z@A/@Brvc YC’ —V(A/@B/)ﬁc YC/:| _O(ALB)@AI@B/@C YCI. (326)

12
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Summarizing, so far we have only imposed the vanishing of the perturbed Ricci scalar, and
we used this to deduce the structure (3.25) of the metric perturbation. Using (3.26) and its
complex conjugate, the rest of the Einstein equations (3.15) is

0AOB [ZﬁAlﬁBlvc/Y(jl — V(A/ﬁg/)@CIYC/ — O(ALB)ﬁA/€B/@C/YC/ +cc=0 (327)

where ‘c.c’ stands for complex conjugate. This equation is automatically satisfied if VYo
and VC Y¢, vanish. In this case the result of theorem 3.1 would follow immediately: the
equation VE'Yer =0 would imply that Y¢r = V¢ ® for some (locally defined) complex scalar
field ®, and V' Y¢r = 0 would give the wave equation J® = 0. However, the converse of
the above statement is not necessarily true: the equation Ryp4 5 [h] = 0 does not imply that
VC,YC/ and @C,Yc/ vanish.

The non-vanishing of VE Yer and VE' Yer makes the completion of the proof of theorem
3.1 more difficult. What we will show is that these fields can be set to zero by a gauge trans-
formation. To this end, recall that we mentioned in section 3.2.2 that we still have the freedom
to perform residual gauge transformations, i.e. transformations of the form

hab = gy = hap — K[E]ap (3.28)

where K[¢],p = V& + V&, satisfies (9K[€] . = 0 = g*’K[€].,. We analyse this residual free-
dom in appendix ‘Residual radiation gauge freedom’, where we show that there exists a spinor
field g4 such that K[¢],, can be written as in equation (A.11). The gauge-transformed metric
is then

Py = Yap + Tabs (3.29)
where
Yap = 0a08N (4 Zpry,  Zpr =Yg —gpr. (3.30)

Since (3.28)—(3.29) is a gauge transformation, we have RABA/BI[h] :RABA/Bf[h’], thus, the
Einstein equations (3.27) are equivalently

0OAO0B ZﬁAlﬁglvchc/ — V(A/?B/)@C,ZCI} —O(ALB)ﬁA/@B/@CIZC/ +c.c=0. (331)

Proposition 3.3. The gauge transformation (3.28) and (3.29) can be chosen such that the
spinor field Z, satisfies the neutrino equation

vz, =0. (3.32)

We defer the proof of this proposition to appendix ‘Proof of proposition 3.3’. Now, any solution
to (3.32) can be written (locally) as Z,/ = V4 ® for some complex scalar field that satisfies
the wave equation. To see this, first contract (3.32) with o4, which gives @AlZA/ = 0. This
implies that there is, locally, a complex scalar field ® such that Z,: = VA, ® (see remark 3.2).
Contracting now (3.32) with ¢4, we get VA/@AAI) = 0, which is the same as (0® = 0.
Summarizing, the original real metric perturbation is i, = h), + K[£]a, where h), =~/ +
Aops Vop 18 given by
Vap =040V 4/ Vi D, (3.33)

and @ satisfies the wave equation [J® = 0 on the background pp-wave space-time. This con-
cludes the proof of theorem 3.1.

Remark 3.4.

(a) The perturbation h/, = ., + 7., is both in radiation gauge and in Lorenz gauge: one can
check that £°h/, = 0 = gh/, as well as Vh/, = 0.

13



Class. Quantum Grav. 40 (2023) 025006 B Araneda

(b) The residual radiation gauge freedom is essential for the proof of theorem 3.1. Note that
this must also be used if one wants to apply the same method to even the simplest case of
Minkowski space-time, which can be obtained by simply setting H = 0 in our formulas’.

(c) As a by-product of the above construction, we obtained a method to generate solutions to
the linearized Einstein vacuum equations from solutions to the neutrino equation.

(d) If the potential ® is independent of u, i.e. ®, = 0, then the perturbation actually gives a
solution to the full (non-linear) Einstein equations. This can be seen from equations (3.2),
(3.3), (2.5), (2.10): @ is just a perturbation to the background wave profile H.

4. Generalization to a ‘half-Kahler’ vacuum space-time

In section 4 we briefly show how the ideas of the previous sections can be carried over to a
more general (real, Lorentzian) space-time: the ‘half-Kahler’ case of table 1. This is defined
by the condition that there is a parallel projective spinor, that is, a ‘spinor field up to scale’ that
is parallel. We are not aware of a description of this space-time (or its complex generalization)
analogous to the one given in propositions 2.1, 2.2. In the Euclidean case, the manifold must
be Kihler, so the Lorentzian version might be of interest on its own right6. In addition, a real
version of the complex result of proposition 2.2 for this case would correspond again to a
split signature metric. Here we restrict ourselves merely to the description of gravitational
perturbations.

A convenient way of expressing the existence of a spinor up to scale that is parallel is to
use GHP language (see [6, section 4.12]). As is known, the use of spinors/vectors up to scale
in relativity brings about the notion of ‘GHP weight’. Let {0*,:4} be two spinor fields in a
Lorentzian space-time (M, g.5), with 0414 = 1. A (scalar/tensor/spinor) field 7 is said to have
GHP weight {p,q} if, under the rescaling 0* — \o?, 1A — A~1iA (with X\ a complex scalar
different from zero), it transforms as 77 — A\?\%7. A derivative operator that is covariant under
this transformation is the GHP connection ©, = V, + pw, + g4, where w, := 13V ,05. The
existence of a parallel projective spinor can then be expressed as the condition ©44:0% = 0.

If o satisfies ©44-0% = 0, then a few calculations using [©,, @b]oc = 0 show that the space-
time must be of Petrov type IL. If in addition, we impose the vacuum condition ®4p4 /5 =0 =
A, then ¥, =0, VA(A/wg,) =0and VA/(Ang)/ = —W3040p. The GHP connection is then self-
dual and algebraically special. Notice that U, = 0 excludes the type D case, so in particular,
black holes are not included in this vacuum class.

The vector field £2 = 0858 satisfies ©,¢” =0, so it is tangent to a null congruence that
is both geodesic and shear-free. The radiation gauge for gravitational perturbations can then
be imposed [18]. The discussion from now on is analogous to what we did in sections 3.2.2
and 3.2.3, the only extra point to keep in mind is that all fields now carry GHP weights. If
h.p is a perturbation in radiation gauge, we can write it as in (3.12), that is hqp = Yap + Vab»
with v, = 0405X4 /. The spinor field X,/ has weights {—2,0}. The linearized Einstein
equations are then Ry, [] = Ruy[y] + Rap[7] = 0, and a calculation shows that

. ~ ~/ ~ o~ l .
*ZRab['Y] = OAOB[DGXA/B/ +2@C @(A’XB’)C/] — 20(ALB)@C G(A’XB’)C’ — EgabR[’y], (41)

5 Note that the formulations of the Minkowski problem in [4, 5], [6, section 5.7] are very different to our method and
only apply when the background is flat.

6 Perhaps a closer Lorentzian analogue to a Kihler manifold would be a space-time where we have both © 4, /0% =0
and ©,, /1% = 0. This may be seen as a complexified version of Kihler geometry. Black holes (in particular) are
conformal to this space-time.
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where

Rly] =668 Xy, 4.2)
and we defined

0°:=¢%0,0,,  Ou :=0"Our,  Ou :=1"Opy. (4.3)
Choosing the free scalar field ¥ in (3.12) so that 04’68 /XA g =0, we deduce that there is a

spinor field Yy, with weights {—3,0}, such that X,z = © 4 Yp/). Thus, after some calcula-
tions, the linearized Einstein equations become (compare to (3.27))

0AO0B ZéA/éB/@C/YC/ — @(A/(:)B/)C:‘)C/YC/} — O(ALB)(:)A/(:‘)B/(:)C,YCI +cc= 0. (44)

For a residual radiation gauge transformation hu, — h), = he, — K[€]ap, (Where K[E]qp =
Vai&p + Vi€, satisfies (A.5)) there is a spinor g4 such that K[€],, = oAOB(:)(A/gB/) +c.c. So
the Einstein equations for 4/, are the same as (4.4) with Y, replaced by Z4+ = Y4+ — ga+. The
analysis of the residual gauge is analogous to the pp-wave case discussed in appendix ‘Resid-
ual radiation gauge freedom’, where instead of coordinate derivatives we use GHP operators.
For example, instead of (A.7), we find p&, = 0, b, = p*En = b*E, = 0, 33'€, = 0. Choos-
ing then the gauge such that ©4 g4 = ©4'Y,,, ©4 g4, = ©4'Y4,, we obtain ©4'Z,, = 0 and
©4'Z4 =0, or equivalently a weighted neutrino equation
'z, =0. 4.5)
From (:)A/ZAr =0 we deduce that there is, locally, a complex scalar field ®, with weights
{—4,0}, such that Z,, = ©,,®, and from ©4'Z,, = 0 we deduce that (19® = 0.
In summary, we see that any real gravitational perturbation to a ‘half-Kéhler’ vacuum space-

time, once written in radiation gauge and assuming that it satisfies the linearized Einstein
vacuum equations, can be locally expressed as

hap = 040594 O/ ® +c.c +2V &), (4.6)
where ® satisfies the GHP weighted wave equation
09 =0. 4.7

This generalizes the pp-wave result, theorem 3.1. Notice that, analogously to the pp-wave case,
the Hertz potential 1/, = 040504:©p/® + c.c is both in radiation gauge and in Lorenz gauge
(.e. V*h, =0).

5. Conclusions

In this work we have shown that any real, linear gravitational perturbation of a (real, Lorent-
zian) vacuum pp-wave space-time can be locally expressed, modulo gauge transformations,
as the real part of a Hertz/Debye potential, where the scalar Debye potential satisfies the wave
equation of the background pp-wave solution. This is believed to hold for more general back-
grounds as well (replacing the wave equation by, e.g. the Teukolsky equation), but to our
knowledge, the result has been completely proven only for perturbations of Minkowski [4, 5],
[6, section 5.7]. We stress that our result is local, cf remark 3.2 and also [19].

We also showed the connections between the Hertz/Debye representation for perturbations
of pp-waves and the non-linear structure of a complex space-time with a parallel spinor. This
illustrates the formal relation between this representation and a particular case of the hyper-
heavenly construction of Plebanski and Robinson [16]. In addition, we argued that a linear
problem in a real space with a Lorentzian metric is related to a non-linear problem also in a
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real space but with a split signature metric. This is interesting in view of modern developments
where physics in split signature is relevant, especially in the context of scattering amplitudes
and connections to gravitation, see [20, 21].

Our approach relied on using special complex two-surfaces in the complexified space-time,
called a- and S-surfaces, which are the basic object of twistor theory, see [7]. These surfaces
are present, in particular, for (complexifications of) any algebraically special, vacuum, real,
Lorentzian space-time. Thus, the method employed in this work can also be applied to the
analysis of linearized gravity on more general backgrounds. We illustrated this by generalizing
our result to perturbations of a ‘half-Kahler’ vacuum space-time. Explicit computations in
more general backgrounds are more involved due to the complicated structure of the curvature.
The interpretation of the coordinates defined by twistor surfaces is also more difficult than in
the pp-wave case (where these coordinates are simply Brinkmann coordinates).

From a physical point of view, our motivation came from perturbation theory in gen-
eral relativity and its applications to gravitational wave physics, concerning the Hertz/Debye
potential representation of perturbations, and gauge issues. While the currently most interest-
ing space-times for gravitational wave physics are more general than pp-waves, representing
e.g. single or binary black holes, the case of pp-waves already presents conceptual difficulties
similar to those that appear in the other more general cases. This can be seen from our study of
perturbations to ‘half-Kahler’ space-times. The application of these ideas to the general class
of Petrov type II vacuum solutions (including type D and the Kerr solution) is left for future
work [22]. It would also be interesting to compare our results with those of [23].

From a geometric perspective, our motivation originated in the relations that (generalized)
parallel spinors have with complex geometry, as discussed in section 2.2. We focused on per-
turbations to the simplest case of a parallel spinor in Lorentz signature, a pp-wave metric.
In Euclidean signature this corresponds to hyper-Kéhler manifolds, and linear perturbations
in this context have been studied e.g. in [24, 25]. Natural generalizations are the other cases
described in table 1. We also studied the Lorentzian ‘half-Kahler’ case, which in a Riemannian
setting would correspond to perturbations of Kéhler manifolds. A natural next step would be
the study of perturbations to the ‘half-Hermitian’ case Cy4:0% = 0.
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Appendix. Gauge issues

Throughout this appendix we assume a (real, Lorentzian) vacuum pp-wave background, with
the special spin frame {0",:4}, and its complex conjugate {o* ,7* "}, introduced in section 2.3.
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The associated null tetrad {¢%,n*, m*,m"} is defined as in equation (2.2). In terms of Brinkmann
coordinates (see equation (2.4)), we have

040, = Oy, m9, = =0, mi0, = —0¢, n0, =0, — %H@u. (A.1)

The connection coefficients are given by

Val’ =0, Vam® = —=&'"ll", Vom" = —r"l,", V" = —Ll,(x'm" +E'm"). (A2)

The gauge operator

For an arbitrary covector field &,, we define the ‘gauge operator’ (or Killing operator) K by
K[&las = Vabp + Vi (A3)
In terms of a null tetrad, this can be written as follows:
K[E]ab = Kunlalp — 2Kninl (amip) — 2Kl (aTp) + Kiiniaip + Kpmiiaimy
+ Keenanp — 2K gmn mpy — 2K g mpy + 2K gun (o) — 2Kpnnm oy -
For a pp-wave, using (A.1) and (A.2) we find:

Koo =208, K = — (0g&m + 0ckn) (A4a)
Kin =065~ 0c K= (0= 310, ) 604 86~ 06 (A)
Kin =060~ 0, K= (0= 300 ) 6a 4 W'se 006, (Ado)
Kam = —20¢&m,  Kon = 0ubn + (&, - ;Hd,) &, (A.4d)
Ko = =20¢&m,  Kup =2 <8V — ;H@u> &+ 26 En + 2R &, (Ade)

where Koy = (0K, £, = m?E,, etc.

Residual radiation gauge freedom. The radiation gauge (3.10) is preserved by transforma-
tions in which the new gauge vector &, satisfies

CK[Ea =0,  gK[E]w =0. (A.5)
Equivalently: K¢y = Ky, = Ky = K¢y = Kiyin = 0. Using identities (A.4), this is

9.8 =0, (A.6a)

0u&im — 060 =0, (A.6D)

Oum — 0¢&e =0, (A.6¢)

Oubn +0y§e =0, (A.6d)

Oebin+ 0cbn = 0. (A.6e)

From here we deduce

02 = 026 = 026, =0,  0c0:& =0. (A.7)
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Notice that in view of (A.4), and given that 9, is a Killing vector of the background space-time,
from (A.7) it follows that 82Ky, = 0 for all a,b = u,v, ¢, (.
So we get the following general form for the components of the (real) gauge vector &,:

&= A, Q)+ L(v,0), (A.8a)
&n =10 fi(v, Olu+ f3(v,¢, ), (A.8b)
gn = - [avfl (V7 C) + ava(V7 6)]” +f4(V7C7§)7 (ASC)

for some functions f;(v,¢), (v,C), 5(v,¢,¢) and f4(v,¢,C). Apart from reality conditions
for £,, any restrictions on these functions will be differential.

Given that we here impose the gauge operator (A.3) to satisfy (A.5), the same reasoning
that we used in section 3.2.2 to deduce (3.12) now gives

K[€]up = 0408Garp: + 04-05: Gag, (A9)
where
1
Gargr = <2K,m + l’l’]) 0p'0B’ — 2Knm5(A’ZB’) + Kimtarlp: (A.10)

and we have included an arbitrary scalar field 7. Explicit expressions for K,,, K.z, Kum
in terms of £, are given in (A.4). We can now express G4-p/ in terms of a 1-index spinor
by doing the same trick that we did in section 3.2.3. The linearized Ricci scalar of (A.9)
is R[K[€]] = VA VB G5 + VAVBEGap (which vanishes identically since the background is
vacuum), where

-~ 1~ / 1
VAV Garp = 92K + 20,06 Ko + Eé)ﬁKm + 0.

A short calculation shows that 9;K,, = 0 = 8,0:K,u, while 8%1{,;1,;, is independent of u.
Therefore, if we choose the arbitrary scalar 7 in (A.10) in the form n = %[8%K,m]u2, then

VA VB Guipr =0, so there is a spinor field g4+ such that G4 /5 = V (4,gp), and

K[l :OAOB@(A'gB’) +04:05'V (AZp)- (A.11)
The relation between g4 and &, is given by

0u80" = Kinin, (A.12a)

0ug1’ — 0z80" = 2Ky, (A.12b)

1 ;

8&81’ = - <2Knn +”7> ) (A12¢)
where in the right-hand sides one replaces the expressions (A.4). We deduce from here that

D2gor =0, 9:0ngor =0, ;g1 =0. (A.13)
Thus, the general structure of gy/, g1/ is

g0’ = Ao’ (v, Q)u’ + Bo: (v.¢, Qu + Co (v,€. ), (A.14a)

g1 =Av(v,¢, Q) + By (v, ¢, Qu+ Ci (v,¢,0), (A.14b)
for some functions Ay, .. ., C where the arguments are as specified in the previous equations.

Using (A.12) and (A.4), one can relate these functions to the ones appearing in (A.8);
this way we see, for example, that they do not identically vanish. For instance, we get
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Ag(v,Q) = —82 fi(v,¢). However, in general the explicit expressions do not seem to be par-
ticularly enlightening.

Proof of proposition 3.3

We have the identity VA 7, = oAVA' Zy —AVA 740, 50 VAY 7, = 0iff VA Z4 = 0 and
VA Zy =0. Since Zy» = Y4/ — ga+, we have

VA Zy =VA Yy — VA g4, (A.15q)

VA Zy =VA Y4 — VA g4, (A.15b)

so we want to show that, as long as the Einstein equations are satisfied, we can choose the
gauge transformation such that the associated spinor field g4/ satisfies vA' gar =VA'Y, and
VA gur = VA Y,

The first observation is that any requirement for the function @A/gAz restricts g4+ only up
to the addition of terms of the form @A/S. In other words, we can write g4 = V4, + Z@A/S
where V4. and S are independent, then (A.15) become

VA Zy =VA Yy — VAV, (A.16a)

VA 7y =VvA Y VAV, — 08 (A.16b)

(where we used the identity (1S = ZVA'@A/S), and we want to show that V4. and S can be
chosen such that V4 /ZA ,=0=VA 'ZA /. Restrictions on V4. and S arise from the fact that they
come from a gauge transformation: the general form of the components of g4 was obtained
in (A.14). See (A.20) below.

In order to obtain expressions for the fields vA'Y, A7y vA'Y, 4+, we use the linearized Einstein
equations (3.27). The non-trivial, independent components are:

82 (@A'YA/) —0, (A.17a)
262 (VA/YA/) + 0,0, (@A'YA,) —0, (A.17D)
00 (V' Yar ) +8,0¢ (V74) =0, (A.170)

20,0 (VY1) +% (90D + 0c0¢) (V4" Yar) = %a@ (VAY,) =0, (A.17d)
02 (VA Yar ) = 40,0 (V1) =2 (8D + 0c0c) (V4a) =0, (A.17¢)
202 (V"' ¥ar ) + 0 (av - ;H8u> (V4'¥ar) +202 (V')

+ 0 <av - ;H8u> (VAY,) =0. (A.17f)

Equations (A.17a) and (A.17b) correspond to ' 08 Rapa'p: [h] =0, (A.17¢) and
(A.17d) correspond to A" 8 Ruparp [ =0, and (A.17¢) and (A.17f) correspond to
A "Ruparn [h] = 0. Notice that (A.17a) and (A.17b) are the only equations that involve only
vA'y, v and VA" Y4/ (not their complex conjugates); this is because of the identities (3.17). We
will then use (A.17a) and (A.17b) to deduce the structure of VA Yur, v4' Yy

From (A.17a) we deduce that

VA Y =a(v,¢,Ou+b(v,¢,0) (A.18)
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for some functions a,b. These functions can be written in terms of the metric perturbation
hgp (up to an arbitrary function of v, (, that we can set to zero), by noticing that @A/YA/ =
—(0u Y1+ 8§Y0/) and using equations (3.24a) and (3.24b). Taking a u-derivative in (A.17b)
and using (A.17a), we see that 83 (VA Y,/ ) = 0, s0 VA" Y, is quadratic in . Using also (A.18),
it follows that

VA Y, = [—iac(v,c, g)] w4 c(v,¢,Qu+d(v,¢,C) (A.19)

for some functions c,d. The rest of the equations in (A.17) involve also the complex conjugate
fields, and they give additional restrictions on the functions that appear in the right hand sides
of (A.18) and (A.19).

Notice that, since the fields vA' 8gA’, vA' g4 come from a gauge transformation, the same
equations (A.17) hold for them. In other words, any restrictions on @AlYA/, VA/YA/ com-
ing from (A.17) are also satisfied by VA g4/, VA g4. But VA g4/, VA g4, must also ful-
fil restrictions that come from the gauge condition. These additional restrictions were ana-
lysed in appendix ‘Residual radiation gauge freedom’, where the general expressions (A.14)
were found. In our current context, we have g4 = V4 + 2@,4/5, or in components gy =
Vor +20,S, 17 = Vi» —20¢S. The restrictions (A.13) together with the fact that V- and §
are independent imply that 92V, = 8585 Vor =82Vy, =0and 918 = 93 0¢S = 0. So we have
the following form:

VO/ = Oy (Va ()uz + /BO’ (V7 C? C_)M + Yo (V, Ca E)? (AZOQ)
Vir=ar (v,¢,Q)ut + B (v, ¢, Qu+ vy (v,¢,0), (A.20b)
§=83(v, Q) +S(v,¢, Ou* + S1(v, ¢, Ou+ So(v, ¢, €). (A.20c)

After some tedious calculations, this gives (using in particular the expression (2.10) for [J):

VA gur = — (2o + 980 )u— (Bir +go0), (A21)

VA/gA/ [8‘,04()/ + O0covyr + 60,83 *28{8@92] u?

+ [0vBor — Hag: + O Brr + 40,8, — 20:0¢S1 — 6HS3 | u
1
+ 8V’Y()/ — EH/BOI =+ 84"}/1/ + 2(9VS1 - 2845)5&) - 2H52 (A22)
Comparing these expressions to (A.18) and (A.19), we see that we can choose the free func-

tions in (A.20) so that @A/gA/ = @AlYA/ and VA'gA/ = VA/YA/, which is what we wanted to
prove.
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