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Abstract: In this paper, we introduce and explore the properties of a new gauge choice
for the vacuum Einstein equation inspired by the ingoing and outgoing radiation gauges
(IRG, ORG) for the linearized vacuum Einstein equation introduced by Chrzanowski in
his work on metric reconstruction (Chrzanowski in Phys Rev D 11:2042-2062, 1975) on
the Kerr background. It has been shown by Price et al. (Class Quantum Gravity 24:2367—
2388, 2007) that the IRG/ORG are consistent gauges for the linearized vacuum Einstein
equation on Petrov type II backgrounds. In (Andersson et al. Stability for linearized
gravity on the Kerr spacetime, 2019), the ORG was used in proving linearized stability
for the Kerr spacetime, and the new non-linear radiation gauge introduced here is a direct
generalization of that gauge condition, and is intended to be used to study the stability
of Kerr black holes under the evolution generated by the vacuum Einstein equation.
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1. Introduction

Given M > 0anda € (—M, M), for (v, r,w) € R x (0, 00) x S? and (6, ¢) spherical
coordinates on S2, the Kerr metric in Eddington-Finkelstein coordinates takes the form

2M AM 24+a%)? —4%Asin? 6
6= (1_—r> dv2+%sin29dvd¢— (r+a)” —a”Asin"0 & 20442

) )
— ®d6? — 2dvdr +2a sin® 0drdg, (1.1a)
Y =r2+a%cos’h, A=r*—2Mr+a>. (1.1b)

For M > Oanda € (—M, M), this metric describes a subextremal black hole geometry.
As explained in many textbooks (e.g. [29]), the metric (1.1a) extends smoothly to the set
K* =R x (0, 00) x S2.in particular to the north and south poles, and there is a further
analytic extension, extending beyond v = o0 and (for a # 0) to r < 0. The Kerr
space-time is of Petrov type D (or {2, 2}), which means there are two, repeated principal
null directions; a future-directed ingoing (respectively outgoing) principal null vector is
a positive multiple of n (respectively [), where

=
I

— 0, (1.2a)

LA
I= S0+ (02 +ad, +ady). (1.2b)

Central to this paper is the following gauge condition:

Definition 1.1. Let M > 0O and a € (—M, M). Let g be the Kerr metric on /C*, and let
n be a future-directed, ingoing principal null vector. Let U be an open subset of K*.
A symmetric tensor g on U is defined to satisfy the radiation gauge condition iff

ngap = ngap. (1.3)

We shall use the term diffeomorphism gauge to be synonymous with a local diffeo-
morphism. In order to be able to state our main results, we shall need the following,
somewhat technical definition. For convenience, we define a reference Riemannian met-
ric on IC* from which we further define, for any k € N, the C* norm with respect to the
reference metric on any subset of *. It is well known that when dealing with diffeo-
morphism gauges, it is unfortunately common to lose regularity and to need to restrict
to somewhat smaller sets. The relevant sets for the following definition are illustrated in
Fig. 1.
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Fig. 1. The sets arising in Definition 1.2

Definition 1.2. In this paper, given a nonnegative integer k£ and an open set V. C K*, a
C* diffeomorphism gauge is amap ® : V — K* such that ® is a C* diffeomorphism
of V to its image.

Let (X, Y, I, J,h,U, V) be such that: X is a bounded, open subset of R x S%:vYisa
open set such that its closure is a subset of X; 0 < J < <o00;h: X — (M/2,00) is
smooth; and U and V are the spacetime slabs U = {(v,r, w) : (v, w) € X, h(v,w)—1 <
r<hw,ow+I},V={v,rw) : ww €Y hv,w)—J <r < h(v,o)+J}. A
diffeomorphism & is defined to be compatible with (X, Y, I, J,h, U, V)if ®(V) C U.
Abusing notation, we use /1 (X) (and similarly for 2(Y)) to denote the graphin R x R x S?
of h over X rather than the image in R of X.

Our first result is that for initial data that is close to data from the Kerr spacetime,
it is possible to construct a diffeomorphism gauge so as to impose the radiation gauge
condition.

Theorem 1.3 (Enforceability of the radiation gauge condition). Let M > 0 and a €
(=M, M). Let ¢ be the Kerr metric on K*, and let n be a future-directed, ingoing
principal null vector. Let (X, Y, I, J,h,U, V) be as in Definition 1.2, and let k' be a
sufficiently large integer.

There exist eg > 0, k > k/, and K > 0 such that, if g.p is a symmetric (0, 2) tensor
satisfying |8 — &lck ) < €o, then there is a c¥ diffeomorphism gauge ® compatible
with (X, Y,1,J,h,U, V) such that d>;1g satisfies the radiation gauge condition on V.
Furthermore, there is the following bound of the initial data for ® Lo in terms of the
initial data for g: |®;'g — éle/(h(Y)) < Klg — &lcrmnxy)-

Our other main result is to make the vacuum Einstein equation well-posed by con-
structing a first-order symmetric hyperbolic system. This involves using the Geroch-
Held-Penrose (GHP) formalism [16,31] to construct components of g — g, the difference
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between the connection coefficients of g and of g, the difference of the corresponding
curvatures, and some additional variables that describe the difference between fore-
ground and background frames, which we call differential Lorentz transformations. In
applying the GHP formalism, it is necessary to make a choice of an equivalence class
of frames, which we refer to as a choice of frame gauge. This is explained in Sect. 3.

Theorem 1.4 (Well-posedness). Let M > Oanda € (—M, M). Let ¢ be the Kerr metric
on K*, and let n be a future-directed, ingoing principal null vector.

(i) The vacuum Einstein equation, the radiation gauge condition and the frame gauge
hypotheses in Definition 3.12 together imply a first-order symmetric hyperbolic
system for the geometric variables in Definition 3.9.

(i1) The geometric variables in definition 3.9 uniquely determine a metric g.
(iii) If the initial data for first-order symmetric hyperbolic system in (i) arise from initial
data for the vacuum Einstein equation, then the metric determined by (i)-(ii) satisfies
the vacuum Einstein equation.

It is well established that first-order symmetric-hyperbolic systems are well posed
in suitable function spaces [27]. Note that the geometric nature of our variables ensures
that the first-order symmetric hyperbolic system is well-defined for all w € S? and not
just in a particular coordinate patch on the sphere.

In the final two sections of this paper, we go further in relating the radiation gauge
condition for the Einstein equation to previously existing results for the linearized Ein-
stein equation. In Sect. 4, we apply a residual gauge transformation to further impose a
condition on the trace g%’ §,,;, analogous to that imposed in the linear case by [10,32]. In
the final section of this paper, we linearize the Einstein equation with the radiation and
frame gauge conditions imposed, and we show that resulting linearized metric coeffi-
cients coincide with those constructed in our previous work on the linear stability of the
Kerr metric [1]. In the previous and current works, we have made different choices in
decomposing the linearized connection and curvature coefficients; the different choices
of linearized variables are related by a linear change of variables and satisfy equivalent
PDE systems, as explained in Sect. 5.

1.1. Motivation and relation to existing literature. In this paper, we introduce a new
gauge choice to study the stability of Kerr black holes under the evolution generated
by the vacuum Einstein equation. This gauge is inspired by what is called the “outgo-
ing radiation gauge (ORG)” in [10,32], a so-called linearized gauge for the linearized
Einstein equation.

The Kerr stability problem remains a central problem in the study of the Einstein
equation as a hyperbolic differential equation. In brief, the problem is to show that, for
any initial data that generates a solution containing a Kerr exterior, any sufficiently small
perturbation of such initial data will generate a solution which contains a region that,
in the future, converges to some Kerr exterior. So far, most work has focused on the
linearized Einstein equation and models for it, such as the wave and Maxwell equations
[2,3,5-8,14,15,25,30,34] and the linearized gravity [1,11,12,19,21,26]. Quite recently,
a few works [13,22,23] have made important progress on the full nonlinear stability of
Kerr spacetimes.

We are particularly interested in the following approach to proving decay of solutions
to the linearization of the Einstein equation on a Kerr background: The Kerr solutions
admit a pair of principal null vectors. At least locally, one can construct a basis consisting
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of these principal null vectors, and an oriented orthonormal basis for the plane orthog-
onal to them. The GHP formalism uses spinors to construct the analogue of the Cartan
formalism for such bases [16,31]. Of central importance, in this set up, the two extreme
components of the linearized curvature each satisfy a decoupled equation known as
the Teukolsky master equation (TME) [35]. Chrzanowski [10] introduced a linearized
gauge transformation, and showed that, in this linearized gauge, all linearized metric
coefficients can be reconstructed from the linearized curvature. In the very slowly ro-
tating case, uniform energy bounds and integrated local energy decay has been shown
for the Teukolsky equation [11,26]. Recently similar results have been obtained using
physical-space methods [17]. In the full subextremal range, decay is proved for bounded
frequencies in [33]. Higher order perturbations of the Kerr spacetime was studied in
[9,18,24].

From such results, we have shown that it follows that there are pointwise decay esti-
mates for the linearized metric coefficients in the linear ORG [1]. In spherical symmetry,
this linearized gauge choice uses the same choice of null tetrad as in the linearized gauge
choice arising from double null coordinates, which has been used previously to show
decay of linearized perturbations about Schwarzschild black holes [12]. A significantly
different approach to the linear stability problem was taken in [19].

As a geometric equation for curvature, the Einstein equation is invariant under
changes of coordinate or, equivalently, diffeomorphisms. As a consequence of the result-
ing freedom to choose a diffeomorphism gauge, for any solution of the Einstein equation
8, any vector field X, and any solution & of the linearization of the Einstein equation
8, one finds that & + Lx ¢ is also a solution of the linearization of the Einstein equation
about g. The freedom to add any Lx ¢ is called linearized gauge freedom.

For the linearized Einstein equation, the radiation gauge can be defined in the fol-
lowing way.

Definition 1.5. Let M > 0 and a € (—M, M). Let U be a subset of the maximal
extension of the Kerr black hole with mass and angular momentum per unit mass M, a,
and let ¢ be the metric on U. Let n denote an ingoing principal null vector on U.! Let
h be a symmetric (0, 2) tensor field on U.

h is defined to satisfy the linear radiation gauge condition if

n“hyp =0, (1.4a)
and to satisfy the linear trace condition if
§hgy, = 0. (1.4b)

h is defined to satisfy the full radiation gauge of Chrzanowski (ORG) if it satisfies
both the radiation gauge and the linear trace conditions.

Essentially, this was first introduced in [10] and then clarified in [32]. [32] has shown
that if & satisfies the linear radiation gauge condition, then there is a linearized gauge
transformation so that 1+ Ly ¢ satisfies the full radiation gauge of Chrzanowski. From the
perspective of naive function counting, it is surprising that all five of the conditions can
be imposed, not merely the four of the linear null condition. A careful reading of [32]
shows that for any linearized metric (i.e. symmetric (0, 2) tensor), one can construct
a linear gauge transformation so that the linear radiation gauge condition is satisfied

! Because equation (1.4a) is homogeneous, the normalisation of n does not need to be specified.
2 Note that [32] calls this the n - h gauge.
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on open sets. Furthermore, one can apply further residual gauge transformations that
maintain the linear radiation gauge condition. From the perspective of naive function
counting, it is convenient to consider residual gauge transformations as diffeomorphisms
of the initial data set that can be applied in addition to the four gauge conditions that are
applied within the spacetime and that generate a well-posed dynamics when combined
with the Einstein equation and a frame gauge condition.

While it is clear that if one has a smooth family of gauge transformations ®; then
the linearization of this family determines a linear gauge transformation %CD;“h, it is
not clear that any so-called linear gauge transformation genuinely arises from the lin-
earization of a family of gauge transformations, nor that, even if they did, the family of
gauge transformations would have desirable properties. The main results of this paper,
Theorems 1.3-1.4, show that the linear radiation gauge condition does arise from the
linearization of a gauge for the full Einstein equation, namely the radiation gauge con-
dition, and that this gauge together with a frame gauge choice gives a locally well-posed
Cauchy problem for the Einstein equation. Furthermore, in Sect. 4, we show that for
the full Einstein equation, one can make use of the diffeomorphism gauge freedom to
find a gauge that both satisfies the radiation gauge condition and such that the trace
g% 8. — 4 vanishes quadratically, and the frame gauge hypotheses in Definition 3.12
can be further imposed such that the well-posedness Theorem 1.4 holds additionally.
Thus, the linearization of this system can be seen as satisfying full radiation gauge of
Chrzanowski.

The formalism we use to treat the radiation gauge condition has important similar-
ities with and differences from the formalism based on principal geodesic structures
in [23]. Both formalisms specify one null vector field that is tangent to null geodesics.
They are both frame formalisms based on a choice of a pair of null vector fields such
that the orthogonal plane fails to be integrable in the sense of Frobenius. By exclusively
using properly weighted quantities, we can use the GHP formalism without specifying a
choice of basis for the orthogonal plane and, hence, avoid the “artificial gauge singulari-
ties” noted in [23, p27]. Perhaps in most striking contrast to the previous literature, both
formalisms use not one but two classes of frame. In obtaining the first-order symmetric-
hyperbolic form of the Einstein equations under the radiation gauge condition and the
frame gauge hypotheses in Definition 3.12, we use the background principal null vec-
torfields I, /i of the background Kerr geometry g and a foreground pair of vectorfields
[,n = n that are null with respect to the new, foreground geometry g. To each pair of
null vectors, we associate the plane that is orthogonal in the relevant geometry. In con-
trast, the two frames used in the principal geodesic structures of [23] share the same null
legs, but one frame is completed by adjoining a basis for the (non-integrable) orthogonal
plane while the other frame is completed by adjoining a basis for the (integrable) tangent
space of the spheres that are r, v level sets. Our two classes of frames coincide when the
metric is exactly the Kerr metric, which suggests the possibility that the formalism based
on the radiation gauge condition will provide significant simplifications, in addition to
connecting with the previously existing physics literature.

1.2. Structure of the proofs and of the paper. Section 2 proves theorem 1.3 about the
existence of a gauge transformation to impose the radiation gauge condition. Section 3
proves Theorem 1.4 on the existence of a first-order symmetric hyperbolic system for the
metric components and other geometric quantities; this section includes the definition
of the frame gauge and the relevant geometric variables in terms of the GHP formalism.
Section 4 proves that perturbations of the trace, g*”$,, — 4, can be made to vanish
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quadratically, in a quantifiable sense introduced in that section; this section is heavily
inspired by [32]. Section 5 treats the linearization of the Einstein equation under our
gauge choices and makes a comparison with our earlier work [1].

2. Imposing the radiation gauge condition

This section begins with some definitions to simplify discussion of the geometry in the
directions orthogonal to the principal null vectors. There is then a lemma about metrics
satisfying the radiation gauge condition, in particular that the flow along n = —o,
generates affinely parameterized null geodesics, as is the case in the Kerr spacetime.
Finally, there is a proof of the enforceability of the radiation gauge condition, which is
based on appropriately constructing null geodesics. This completes the proof of theorem
1.3.

Recall the notions of real null tetrad and complex null tetrads. These are given in
appendix A. Unless otherwise specified, a null tetrad is understood to mean an oriented
complex null tetrad.

Definition 2.1. Let M > 0 and a € (—M, M). Let U be an open subset of * pa-
rameterized by (v, r, ). In the domain of the standard spherical coordinates, define

ep = 39, (2.121)
ep = dy — asin® 03, (2.1b)

Lemma 2.2 (Necessary results of the radiation gauge condition). Let M > 0 and
a € (—M, M). Let U be an open subset of KC* parameterized by (v, r, ®).
If g is a Lorentzian metric on U that satisfies the radiation gauge condition, then

(i) 9, is null.
(1) In the portion of U covered by spherical coordinates, ep and eq are orthogonal to
.
(iii) At each point in the domain of the spherical coordinates, if n = —0d, and m is a
complex linear combination of e and e such that m and its complex conjugate m
are a complex basis for the space spanned by eg and e such that g(m, m) = 0 and

g(m,m) = —1, thenthere is a unique, future-directed null vector  that is orthogonal
to m and m and that satisfies g(l, n) = 1. Furthermore, if g(m, m) = g(m,m) =0
and g(m, m) = —1, then (I, n, m, m) form a null tetrad.

(iv) For all (v, wg) € R x S?, the curve y (s) = (vo, s, wo) is a (not necessarily affinely
parameterized) geodesic.

V) If T is 3-submanifold of U parameterized by (v, w), and if (U, ®) are the restric-
tions of (v, w) to X, (é , (]3) denote the values of the standard spherical coordinate
corresponding to @, and ¥ is the restriction of r to X, then, in the domain of the
standard spherical coordinates, 9;, aé, 0 5 € TY C TU satisfy

g0, 05) = — 1, (2.2a)
g(ar, aé) = 07 (2.2b)
(0,95 = —a sin 6. (2.2¢)
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Proof. Unless otherwise specified, in this proof, we work in the domain of the spherical
coordinates and then extend by continuity. Since g,,dx¢ = (dv +a sin® 0de), it follows
that g(9,, 8,) = gradx?(9,) = (dv + asin?0d¢)(d,) = 0, that g(d,, eo) = (dv +
asin? 8d$)(3p) = 0, and that g(3,, eqp) = (dv+a sin® 0de) (3 —a sin® 63,) = 0, which
establishes the first two claims in the domain of the spherical coordinates. By continuity,
d, remains null at the poles of the spherical coordinates. The plane orthogonal to m and
m is a 1 + 1-dimensional Lorentzian vector space with a time orientation, and, since n
is null but not zero, the existence of a unique / as in the statement of point iii holds.

To show that the curves (vg, s, wg) are (not necessarily affinely parameterized)
geodesics it is sufficient to show that ” = nV,n’ is parallel to n. This is equiva-
lent to ¥°ny, = $my, = ymy, = 0. Trivially,

1
npn®Vyn? = Enava(nbn”) =0, (2.3)

since npn® = 0. Before continuing, first observe that the commutator [n, m] satisfies

[n,m] = — [0, m®e@ +m<beq>]
= —[8,,m®3% +m®(3y — asin®03,)]
= — @m®ee — (m®)eo. (2.4)
gn, [n,m]) =0. (2.4b)

Now, observe, from the orthogonality conditions and from properties of the commutator,
that

mpn®Van® = n*V,(mpn®) — npn®Vom® = —npn®vam?, (2.52)

npn®Vom? = 0+ npm®Vn® +npln, m)?

1
= Em“va(m,n”) +0=0. (2.5b)

Observe that cos ¢dy + :ﬁ‘g (8 — asin® 0d,) and sin ¢pdy — Cs(l)r?g (3 — asin® 0d,) form
a basis for the planes they span, and that this combination extends smoothly to 6 = 0
and to 0 = mr. Thus, the results extend from the domain of the spherical coordinates to
allof U. R

From the chain rule, one finds d; = 9, + %Br. From this and the fact that 9, is
null, it follows that g(9,, d;) = g(9,, dy), which is equal to —1 by the radiation gauge
condition. This proves the first equation of (2.2). Replacing 0 by 6 and ¢, one obtains
the remaining two equations. O

Proof of the enforceability of the radiation gauge condition, Theorem 1.3. To begin we
construct the gauge transformation. In this paragraph (v, r, ) denotes the original pa-
rameterization in V. On h(X), define (0, @) and 7 to be the restrictions of (v, w) and r
respectively. By the closeness (in C?) of g to g, at each point p € h(X) in the domain
of the spherical coordinates, there is a unique vector n in T, W such that » is null and
satisfies the analogue of (2.2), i.e.

g(n, ;) =1, (2.6a)
g(n, 95) =0, (2.6b)
g(n, 9 =a sin’ 6. (2.6¢)
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Furthermore, since a sin? #d¢ extends smoothly to 0 in T'S?, the vector field n has a
unique continuous extension from the portion of #(X) covered by spherical coordinates
to all of 4(X). To avoid overloading notation, let n denote this extension. By the C?
closeness of g and &, n is C? on h(X), and there is an &9 > 0 and an open neighbourhood
W of h(X) such that the geodesic flow defines a diffeomorphism (—¢&g, g9) xh(Y) — U.
At g € W, define (v™V, @"*Y) to be the value of (v, @) at the unique point p € h(X)
such that g is on the geodesic launched by # at p. (The diffeomorphism guarantees the
existence of such a point.) Let yynew ,newy(s) denote the geodesic corresponding to the
values (v™V, w™") with, on h(X), the initial conditions s = r and %)7 = —n. Set
r"% = g. Thus, (v™V, r™WV »"V) is a gauge choice. In this parameterization, —d,new is
null, since it is the tangent to a geodesic launched from a null vector.

It remains to show the radiation gauge condition holds in this diffeomorphism gauge.
For the remainder of this proof (v, r, ) denotes the parameters in the new parameteriza-
tion. In the domain of the spherical coordinates, the form A =i,g = — gab(af )dx“ can
be expanded, in dv, dr, d9, and d¢. It is sufficient to show that g(9,, 9,) = 0= g(9,, eg)
= g(0dr,eq) and g(—9,, d,) = 1. Since 9, is null, clearly g(9,, d,) = 0. From (2.6),
g(0y, e@) has the desired value on h(X). Let n denote —d,. Observe that since 9, is
tangent to an affinely parameterized geodesic, Vj, 0, = 0. Observe further that [n, eg]
= [—9,, dg] = 0. Thus,

0 = g(vl’lna e@)
=V, (g(n,ee)) — gn, Vyee)
- Vn (g(n’ 6@)) - g(ns Ve(.)”)

1
= Vi (8(n. €0)) = 5Veo (8(n. 1)) . 2.7)

The final term vanishes since 7 is always a null vector. Thus, g(n, eg) is constant, and, in
particular, since itis initially zero, it remains zero along the entire geodesic. Since [, e ]
=[-0,,0p —a sin?09,] = 0, the same argument applies with eg. Since g(9,, dp) = 0,
the d9 component of A vanishes. Since g(9;, ep) = 0, the d¢ component of A is a sin? 6
times the coefficient of dv. Since [n, d,] = 0, a similar calculation shows that g(n, d,)
is constantly —1. Since the parameterization is constructed smoothly, the construction
extends from the domain of the spherical coordinates to the full sphere. Since the Kerr
metric is itself a solution, from the continuity of solutions of ODE, it follows that for
any V C U, if the initial data is sufficiently close (in a sufficiently high regularity class),
the gauge transformation maps V to a subset of U. Observe that the new metric on
the initial hypersurface 4 (X) depends only on the old metric on 2(X), which gives the
desired norm property. This completes the proof. O

3. Field Equations

Within this section, we introduce geometric variables and a frame gauge condition,
which are used to construct a first-order symmetric-hyperbolic system.

3.1. GHP notation. In this subsection, we review the GHP notation [16] for connection
and curvature components, which we will use throughout this paper. Appendix A explains
the nature of GHP scalars and recalls the definitions of tetrads and properly weighted
scalars. All calculations for this paper were done using the xAct suite for Mathematica
[28], and in particular the SpinFrames package [4].
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Definition 3.1. Given any null tetrad (1%, n%, m%, m“) and the Levi-Civita connection
V, with respect to the corresponding metric, the spin coefficients are

= 1°mPv, 1, k' = mn®Vynyg, (3.1a)
o = mm’Vyl,, o =mmbV,ny, (3.1b)
o =m*mPV,l, o' = m*m’Vpng, (3.1¢)
T = mn’Vpl,, ' = 1“mbV,ny, (3.1d)

and
B = —rm*“mbVum, — HmPVyn,, B = tm“mVymg + 19mPVen,, (3.2)
€= — $1°m"Vump — 11" Vpn,, ¢ = mn"Vymg + 1n"Vyn,.  (3.2b)

Definition 3.2. Given any null tetrad (¢, n?, m%, m%) and the Weyl tensor Cgpcq With
respect to the corresponding metric, we define the Weyl scalars

Yy = lalcmbmdcubcd, v, = lalcmbndcabcd, U, = lambl’l_’lcndcabcd, (3.3a)
U3 = mnn? Capea,  Wa = m mnPn? Capeq. (3.3b)

One of the central results of the GHP framework is that «, T, p, o, ¥, T/, p’, 0’ and
all the W; are properly weighted, but 8, €, 8/, € are not.

3.2. Background and foreground metrics. To begin our analysis of perturbations of the
Kerr metric, we introduce the following hypotheses, which we typically use throughout
the rest of this section.

Definition 3.3 (The vacuum, radiation-gauge hypotheses). The background hypothe-
ses are defined as follows: “Let M > O and a € (—M, M). Let g, be the background
Kerr metric as in equation (1.1a) with parameters (M, a). Let U be an open subset of X*.
Let (IO“, n?, m%, m?) denote an arbitrary element of the set of local complex null tetrads
such that [ and /i are outgoing and ingoing, future-directed principal null vectors. Let
(l;, Ny, My, My,) be the corresponding co-frame. The spin coefficients and Weyl scalars
with respect to this tetrad are indicated with the accent””

The vacuum, radiation-gauge hypotheses are defined to be the background hy-
potheses together with the assumption that g,; is a Lorentzian metric satisfying the
vacuum FEinstein equation and the radiation gauge condition

17’ (gab — ap) = 0. (3.4)

The background and foreground metrics are defined to be g,5 and g, respectively
with inverses §*? and g#¢’.

Because ([, /1, m, i) is used to denote an arbitrary element of the set of local tetrads
in Kerr aligned with (i , ), there is a freedom to apply spin and boost transformations.
As long as our variables and operators are made so that they transform properly under
such transformation, this allows us to introduce properly weighted quantities, which
are globally defined. In the language of principal-G bundles, as long as our variables
transform equivariantly, we may use local tetrads to construct a globally defined section



Nonlinear Radiation Gauge

of an associated complex line bundle. In the language of gauge theory, we have a gauge
freedom corresponding to choice of boost and spin transformation, and, as long as our
variables transform correctly under such gauge transformations, they are globally defined
gauge fields. This allows us to avoid problems at the poles in spherical coordinates that
might arise from, for example, taking m = 272 —iacos)"1(9p +i(sin@) ! (9p +
a sin? 60,)) or any other explicit combination of eg and eg.

Definition 3.4 (Foreground metric coefficients in the background frame). Assume the
vacuum, radiation-gauge hypotheses of Definition 3.3. Define the foreground metric
coefficients in the background frame to be

Ga = i1 (gap — Gab) = m“1i” gap. (3.52)
Gy = Im" (8ab — &ap) = 11" gap. (3.5b)
Go = II"(§ab — &ab) = I“I" ga, (3.50)

G =" (gab — &ab) = 8" gap — 4. (3.5d)
GY =ty (8%" — §°) = marinpg*?, (3.5¢)
Gt = lamp(g*? — §°) = laipg™ . (3.5f)
Gl = Lulp (8" — §°°) = Lulpg"*", (3.52)
G = g™ — &) = garg™ ™ — 4. (3.5h)

Observe that they vanish if the perturbation vanishes. They are all properly weighted
with respect to background boost and spin transformations. The remaining metric co-
efficients vanish by the radiation gauge condition. The set (G¥#, G*f, Gg, $#) can be
algebraically computed from the set (G,, G1, G, &) and vice versa via

G,
G = — , (3.6a)
2T a+1er2 -G
1+36)G,+ GG
Gt = - 21) e (3.6b)
(1+36)? —1G,|?
21+ 3¢6)G1G1 + G2G 12+ G %G
Gt = — Go— (I+3¢) 111 26 1 27 (3.60)
(1+36)? —G2|?
4 1 1
= — + — -2, (3.6d)
1—|G2|+§$ 1+|G2|+§¢;
G#
G) = 2 (3.72)

(1+36"72 — G52
1 ity ~# | H#H
o _ (1+1¢"6t+GiGh (37b)
T A g e '
2 2
20+ 56"Gi6Y + GEGt? + GGl
(1+1¢"H2 - G52
1 . 1 )
1- 1G4+ 16" 14168+ 16"

Go= — G}

(3.7¢)

(3.7d)
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3.3. Frame choice. Given the set (G#, G*{, Gg, $#) of background frame components
of the inverse foreground metric g#??, we can construct a null tetrad for the foreground
metric. However, due to Lorentz gauge freedom this frame is not unique. Due to the
fact that the radiation gauge condition singles out 7%, we choose to use it also in the
foreground tetrad, i.e. n* = n%. With this leg fixed, the remaining group of Lorentz
transformations are described by one real differential spin rotation parameter v with
(p, q)-weight (0, 0) and a complex parameter n with (p, g)-weight (2, 0).

Remark 3.5. In principle one could instead demand that n¢ is merely proportional to
1. Doing this would introduce a real differential boost parameter u to the group of
Lorentz transformations, so that n¢ = /L_lii”. However, as we later would like to set the
¢ =€ — u'¢ to zero, and we find that & + & = —p = P’ i, we conclude that o = 1,
i.e. n® = n“ is sensible.

Definition 3.6 (Foreground frame). Assume the vacuum, radiation-gauge hypotheses
of Definition 3.3.

A choice of differential Lorentz transformation variables is a choice of (v, 1)
with (p, g)-weights (0, 0) and (2, 0) respectively.

Assuming a choice of differential Lorentz transformation variables, define the fore-
ground frame to be

a fa - oq T]G# iv= °a # eivﬁa 'I§# sa
1“=10"+mn+ %Gg)n — (G’f+ 2eiV;# —e UUS‘#)’" - (G?+ 2 cF 2 _ o )m )
(3.8a)
nt = i, (3.8b)
) iv?za
m = i@ + v e - £ 21 (3.8¢)
2c#
along with the auxiliary variables
c= 111G +1¢ + 1 /1+1Ga1+ 1@, (3.92)
¢t = %\/1 —|G§|+%$#+%\/l+|G§|+%G#. (3.9b)

Lemma 3.7. Assume the vacuum, radiation-gauge hypotheses of Definition 3.3 and a
choice of differential Lorentz transformation variables.
The foreground frame is a null tetrad for the foreground metric gup, i.e.

g#ab —2j@yb) _ oy amb) (3.10)

The corresponding co-frame is

ol 2c%2 Delv 2

# v = ## # ~#
. _ L — nG7¢c €'YnGi;Gi¢c nGiGhg\
la=la+(nn—%G3—e”nG’f§— L 2! L2 )u

# iv=#
iv= nG3s \ . ng e''nGigy <
+ (e ng + 26”'5‘#2) a (el_v + 26_7)7)1‘1, (3113)

ng =ng, (3.11b)

eV GEGH eV Ghe
¢ 9aYis —25-,5’1“ ) (3.11¢)
25.#2 25.#2

mg = (n—e”’G?g— )ﬁa+e’”grha+



Nonlinear Radiation Gauge

Definition 3.8. Assume the vacuum, radiation-gauge hypotheses of Definition 3.3 and
a choice of differential Lorentz transformation variables.
Define the foreground metric coefficients to be

G = 88" — 4, Go = gapm®m®, Gy =gupl®m®, Go=gaupl®l", (3.12a)
G =8%gu —4,  Gh=§%mamy, G = §%Lmy, GE =81, (3.12b)

Unless otherwise specified, define metric coefficients to be the foreground metric co-
efficients.

Note that the background metric coefficients are the components of the foreground
metric with respect to the background tetrad, and, conversely, the (foreground) metric
coefficients are the components of the background metric with respect to the foreground
frame.

We have the following useful relations

- 2 # - 4 #3

' =G=2+4s" - (G =1GP =4 -2 G
~ 25 » 4§3

G =0¢"=-2+46>— o G * = |GA)? = 45" — = (3.13b)

The relations between (@, G», G1, Gy), (@#, Gg G?, Gg) follows the pattern (3.6).

Given v and  we can express the sets (¢, G2, G1, Go), (G* G4, G*, G, (G4, G¥, GE, )
and (G», G1, Go, &) in terms of each other. For instance

- G,
Gr = (3.14a)
~ Gis* _ NG, G1Gys*
#_ 1
Gl T ety - 2n$+ e2iv + 2€iU§2 ’ (3.14b)
2 —_ # T~
3 o %Gy __ GaG GG
Gl = Go — nit@ + PGy + 2 +e’”ﬁ§#(2Gl + 22 ‘)+ e (201 + 2! 2)
e2iv §2 iv §2
#2
+ S;7((2+$)G71G1 +G2G 2 +G1°Gy), (3.14c)
2iv o _#2
G
Gh= - 25 (3.14d)
S
o o eiug#é#g# "Gt + o)
Gt= —e"Gic* +eij(c* — o) - 215_22 ;;2 , (3.14e)
Gi = — Gt 429Gt + 27 GF — n2GE — 2GE + i G*. (3.14f)

3.4. Geometric variables and operators. In this section, we define differential spin coef-
ficients and differential curvature components. The foreground spin coefficients carry all
the information about the connection. However, several are not small for a small metric
perturbation, because several of the background components are non-vanishing. Further-
more, not all of them are properly weighted with respect to spin and boost transformations
of the background frame. Our choice of differential spin coefficients compensate for both
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of these issues. While the foreground curvature components are properly weighted, the
middle curvature component is not small, since the middle curvature component in the
background is non-vanishing. Our choice of differential curvature components compen-
sates for this problem.

Definition 3.9. Assume the vacuum, radiation-gauge hypotheses of Definition 3.3 and
a choice of differential Lorentz transformation variables.
Define the differential spin coefficients

» zva 3/

B=p—c"s"p 2;,’3 +7é’, (3.152)
. Gig  S*f
! _ pf 2 — o/

B =8~ 2evet | ev ne, (3.15b)
~ o # ”Gg iv- _#)4 # eiUﬁG_g
e:e—e+(Gl+W—e ng)ﬂ—(Gl+7— )/3 +(1717+ G)e

(3.15¢)
¢ = -¢, (3.15d)

% =x, (3.15¢)
&=, (3.15f)
p=p—0p, (3.15g)
pr=p"—p, (3.15h)
5 =o, (3.151)

¢'=0, (3.15)
T=1—71, (3.15k)
=1 -7. (3.151)

Define the differential curvature coefficients as

o=y, U=V, Ub=U-—U, Ui=U; U=y, (3.16)
The geometric variables are defined to be

w=(n,v, G4 ¢* G Gt &' 5%, B, B E 5., ik, Vo, Uy, Uy, W3, Ty)T

The differential variables are chosen so that they are properly welghted with respect
to the background tetrad. This may initially seem surprising, since B.¢é, B, & are not.
It may be helpful to recall this is similar to the fact that the Chrlstoffel symbols for
a connection do not transform as a tensor, but the difference between the Christoffel
symbols for two different connections does transform as a tensor.

This choice of variables is not unique, and not all of them are properly weighted under
differential Lorentz transformations. However, they are the simplest choices of variables
that are properly weighted under spin and boost transformations of the background tetrad.
We are going to use the differential Lorentz transformations to eliminate some of the
differential spin coefficients. This would have been impossible if they were properly
weighted under the differential Lorentz transformations.
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Definition 3.10. Assume the vacuum, radiation-gauge hypotheses of Definition 3.3 and
a choice of differential Lorentz transformation variables.
Define the foreground GHP operators acting on a (p, g)-weighted scalar ¢ to be

Z 5 G* . 5 — ei”_a #
by = b<p+(nﬁ+%G§)b/<p—(G?+ i = —6’”77;#)5¢—(G’f+ ik Y )5/
s

2etV 25‘# elv
— pép — gég, (3.17a)
bo = Do+ pée+qée, (3.17b)
o, . o €ivaé/ ~ —=
5<ﬂ=nb<p+e’“§#5(p—ﬁ—pﬂrpwﬂ/fp, (3.17¢)
, _ oy G#éw 5‘# 6/ = ~,
To=iby—5is - —abe+pBe. (3.17d)

where f), f)/, 3 and &' are the classical GHP operators as defined in [16] with respect to
the background tetrad.

Remark 3.11. Observe that we define weight to be with respect to the background tetrad.
Any background spin and boost transformation will induce the same spin and boost
transformation on the foreground tetrad. Hence, any quantity which is properly weighted
with respect to the foreground tetrad will become properly weighted with the same
weights with respect to the background tetrad, when we have tied the frames together
as in definition 3.6. For any quantity which is properly weighted with respect to the
foreground tetrad, our definition corresponds to the classical definition of GHP operators.
Our definition can therefore be seen as an extension to quantities which are weighted
only in terms of the background tetrad.

These GHP operators satisfy the commutator relations in appendix B.

3.5. Structure equations. We now choose 1 and v so that two differential spin coeffi-
cients are eliminated (in addition to «’, which vanishes as a result of n being tangent to
null geodesics in the radiation gauge condition) and so that the remaining connection
coefficients satisfy transport equations.

Definition 3.12 (The frame-gauge hypotheses). Assume the vacuum, radiation-gauge
hypotheses of Definition 3.3.

The frame-gauge hypotheses are defined to hold if there is a choice of differential
Lorentz transformation variables satisfying

Iy Ty )
iG5o B iG5o

J .z
p'v = —Z(g#—§)(0/—0/)+ 1.2 I (3.18a)
I o . Gt #3
Pn=F— B +np +p)+i6 —i+echt 4 22 (3.18b)

el §2 :
Lemma 3.13 (Structure equations). Assume the vacuum, radiation-gauge hypotheses

of Definition 3.3 and frame-gauge hypotheses of Definition 3.12.
The structure equations take the form of a transport system for the metric coefficients

B+ +275 — )Gt =+EhHs, (3.192)
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O +5 + )G = — 25 — 25 +2GE5 +2G45, (3.19b)
W +5 +p)G#—2f’—(G#G#%+2G s'c+205?) (5 - §)

— i@+ G~ Gl
+r;G 5 +p)+2$#(r+r +r)—G F+7 +1)
e“’Ggr/

+2(1 — e ™M)¥, (3.19¢)
D'Gh = —2¢— 22+ (Gh +71°GE — nii2+ GH) (3 + §)

— (GG —27G1GE + Gl — G2 + G1)

x g7 =)
+e 26"+ GG 2 + Gl T! — 2n6) ¢

- 2Gl(1‘,3 +t+7)

+ e’”(2G#§# + G#ng Ty négg_l —2i¢)¢’

—2GH @+ T + 1)), (3.19d)

algebraic relations for the spin coefficients

@=0, &=0 =0, (3.20a)
. # _ o 9
i _F = (" =)W =P (3.200)
s
— G =Sl # # 2\/e 2 SH #o
f_F =  Gis — Gy —ng +2n7¢ P =5 Git 5
S 26”)5‘2
(" =¥, (3.200)

and a supplementary set of equations displayed in (D.1).

Proof. The foreground Levi-Civita connection V and background V connections are
related via

T = 38" (Vygea + Vegoa — Vagee)- (3.21)

Definition 3.1 lets us express the foreground spin coefficients in terms of the foreground

V acting on the foreground tetrad. We can re-express this in terms of the background V
as

B=— %manﬁb(—fcabmc + Vamp) — %lamb(—l’:cbanC +Vpng), (3.22a)
B = S b (T Cpame + Vymg) + $19mP (=T panc + Viny), (3.22b)
€= — MUmb (=T upme + Vamp) — L1917 (=T panc + Viny), (3.22¢)
€ = 1 n (=T Cpame + Vpma) + 11908 (=T panc + Vipny), (3.22d)

i = 19mP (=T ypl,. + V,ulp), (3.22¢)
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k' = mnb (=T pane + Ving), (3.22f)
0 = mm? (=T pale + Vpla), (3.229)
o = mmP (=T spne + Vany), (3.22h)
o = m*mP (=T gl + Valp), (3.22i)
o' = mm? (=T pane + Vipng), (3.22))
T = mn? (=Tl + Vply), (3.22k)
v = 1%mP (=T ypne + Vanp). (3.221)

Using the relation between the background and foreground tetrads, and expressing all
background derivatives of background frame components in terms of background spin
coefficients, we get expressions of all background tetrad components of "%, in terms of
the metric components (G2, G1, Go, &) or (¢*, Gg, G?, Gﬁ). See (C.1) below for ex-
plicit expressions. Putting it all together, we can express all differential spin coefficients
in terms of background spin coefficients and GHP derivatives of the above mentioned
metric components.
For instance, we get

L1 o e G2c"2 PGy, Gas*? PGy
/ # of o/ #
= — — - - 2 -+ + ,
p 2§(§ (P —p) 1. 25— D 12 12
(3.232)
o ng# R G2§#2 f)/$ G22§#2 E)/G_2 5_#2 E/GZ 3938
0 =50 =0) .2 T v .4 T 2iv (3.23b)
2e“V¢ 4esV¢ 8eV¢ 2e
This is equivalent to
. — ", 2G5’
PG = —Q+@)(F +5) +22 G5 + o, (3.24a)
e
. _ o ) G 2~y
BGr=Ga(F — 3 — § — 7)) +2620 %6+ 227 (3.24b)
2621\)5.2
= o 1 o 3
p =75 - E(g# - —6). (3.24c)
Similarly, we get
# o/ # 2/ #1As o _H#TY
. G G G G
o G G _lipvs 828 b3 > Gag b3 2 (3250)
8¢ 8¢ 16¢ 16¢
1, oz VG Gasl |,
= — — — — + - -5 . 3.25b
4§(§ (B —p) 82 ge2iv 2 sibv ( )

As we have not yet fixed the differential spin rotation parameter v, we can use it to set
€’ = 0. Translated into the foreground operators and Gg, this condition is equivalent to
the evolution equation (3.18a) in the frame-gauge hypotheses. Using this relation one
can express the system (3.24) in terms of Gg and @# to get (3.19a), (3.19b) and (3.20b).
A similar calculation for T’ yields the following after reduction with (3.24)
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2/ ~/

= 4ﬁ (G 1Gac" +4eiis? +4G c* 6P + 2 (G1Gac" +26iis% +2G 6% 6?)
e 2etV¢
Gis*p & VGGt 42t 426Gt 2 t
o ng(e 2G16" +2ng” +2e 1gg)+4,v 2(; +§)+2,V(§ -9)
; Gy’ G:* PG PGy
iv # #
SRy LG Ry el P (3.26)

This equation can be used to solve for PGi.
Similarly 7 can be expressed as follows after substitution of the expressions for b’ &,
b'G», b'G1 and b'v above

v _#2 _ _
~ e g ~ T~ 2\ =2/ o/ ~/ = o/
T=— (G2G1+2G67)(p — p) —nRe —p' —p)
WGyt o
+ﬁ&’+62—22§(f+ 2y —F 4Vt — 1) +7) - Pn. (3.27)
S

In the frame-gauge hypotheses of Definition 3.12, equation (3.18b) was chosen so that
% = 0. This gives an expression for p'n. Using this in the expression for G¥, we can
derive the evolution equation for G* ie. (3.19c).

Using all the previous relations, one can express B — B as

. # v H#er
. = <A F— .z €VGas"t
B—p = ——3(6’”G2615# +2n57 +2VGis* eH (B — p) + 2

—1:_ eVt (3.28)

Using this relation, we can eliminate G| from (3.27) to obtain the evolution (3.18b).
Translating to the Gf variables, we also get (3.20c).
Similarly, using the previous relations, we get a long expression

E+é=—1PGo+... (3.29)

where the dots indicates an expression depending on G1, G2, &, &', T/, p’ and the back-
ground spin coefficients. Translating this to the G? variables, we get (3.19d).

Similarly, one can express ,5 + 5 ’and € — € to obtain (D.1a) and (D.1b). Here however,
the G; variables turned out to give shorter expressions, so we used them instead. The
remaining equations in (D.1) were derived in the same way using the expressions for p, &
and k. As the direct expressions for these spin coefficients became long and complicated,
we found that solving for the left hand sides of (D.1) gave us shorter expressions. The
expressions can be inverted though, so all spin coefficients are expressible in terms of
derivatives of v, n and the metric components. m]

3.6. Ricci relations.

Lemma 3.14 (Ricci relations). Assume the vacuum, radiation-gauge hypotheses of Def-
inition 3.3 and frame-gauge hypotheses of Definition 3.12.
The Ricci relations take the form



Nonlinear Radiation Gauge

O —p =5 =5 — )5 =, (3.30a)
(b —28' —php =65, (3.30b)
P =p =)t =Us+(F —t+2)6 +p (=t +¢), (3.30¢)
(b =4 —pH)B=—B5" +(1—e"chp't+p't, (3.30d)
= s = s, GiEt
O e R s R (3.30¢)
elvg
e — ] =) 3, 2nE 4, NG v #)ere , ens
pé= —-U+(T —t+)B+(G] + — e'nct|pt+tT
Zelvg#
+B (& -7 - 1), (3.30f)
o _ B . - G# ) # .
O =5 — )= T+ 35 +66 +(B+ )2 +27p¢ — —2— — (1 - g—.) &'z,
26”’5‘# elv
(3.30g)
- = ) esz# 3/,3
O =3 =516 = (p+ )5~ (B+pIE+2mp't = (1 =M - ——
S
(3.30h)
b= —U+F —t+t)p+(F —t+1)6 — (-t +2ni+GhHp't
Gt ‘ o eviGH #o
(G spnis —eish) T - (6T 5 - ) 0t (3.30)

together with the supplementary relations (D.2). Here Gf can be interpreted in terms of
(N}? via (3.14) and there is the background formula

§t =10, - 2y 5y — g+ 22, 3.31)
2/(1
where
1 .
K1 = — g(r —iacosh). (3.32)

Proof. To prove these relations, we begin with the Newman-Penrose (NP) version of the
Ricci relations equations (4.11.12) in [31] for both the foreground spin coefficients and
operators. The foreground spin coefficients can then be written in terms of the differen-
tial spin coefficients from definition 3.9. When the foreground NP operators acts on the
background spin coefficients, we express the operators in terms of the background oper-
ators, via the relations in definition 3.6. The resulting background NP operators acting
on background spin coefficients can then be eliminated using the background Ricci rela-
tions. After this procedure, all non-properly weighted quantities have been eliminated,
and the operators can be translated into the foreground GHP operators yielding (3.30)
and (D.2) after reduction with the structure equations (3.18), (3.19), (3.20), (D.1). Here
some background derivatives of background spin coefficients have been simplified due
to the vacuum Bianchi type D property of the Kerr spacetime.
As an example we derive (3.30e) starting with the foreground NP-Ricci relation

AB =W+ Be —Be+p 0 —Bo’ —o't —€T+5€. (3.33)
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Translating to the differential spin coefficients and expressing the foreground NP deriva-
tives in terms of the background NP derivatives when acting on background spin coef-
ficients, we get

AR = U5+ B& e #,3(8’+6)+ “vGhet 1@ +&y— BT — (B +ic)e
+/3,o +8¢ +,3,o—ﬂo —5t—5't—eT ¢t

_l 7IVG# #71(Aﬂ+8g/)_ —iv #(Aﬁ/—gé/)

—/3( WG 4 Lo HIAGE — LG (cH I A

+iAv—¢& —¢& + 0 +p))

4 (Rl (VN —&+p+p)— ’”G# #-lg! — e AgY)

+& (B — 7T — 278 +7p +if +n’ —f—f——Aﬁ). (3.34)

Using the background Ricci relations, transforming the foreground NP derivatives into
foreground GHP operators, and translating the metric coefficients to the Gf variables
yield

B =3+ B +p 5 — 5 + 1" Ghct et — 't 5T — €T -t +0E
p p s's

+& B —B +7E 40 +7p +ip +nd + LGt T —F 4 eV E — i)

+ﬂ (e—ll} # ~/ e—ivg#?_'_e tvg#p + e—lvG §#§_20/+l€ lvg#bv —lv b/g#)

+ﬁ( 1v§#0+1 iv # 72bG¥2# lvG#§72b§ +16“)G§§#§7 (€—E+ﬁ/—/§/
—p +tbv—2§‘1bg))- (3.35)

The evolution equations (3.18) together with the structure equations (3.19) and (3.20)
will reduce this to (3.30e). Observe that the equation (3.30e) is properly weighted even
though we started with a non-properly weighted equation. The other equations can be
derived in the same way. O

3.7. Bianchi system.

Lemma 3.15 (Bianchi identities). Assume the vacuum, radiation-gauge hypotheses of
Definition 3.3 and frame-gauge hypotheses of Definition 3.12.
The Bianchi identities take the form

0= —4p—4p)¥, — @ — ' — T)Vy +3(¥, + Uy)i, (3.36a)

0= (b —3p—3p)Wy — (0 —2¢' — 270y + 23k — 3,7
+3@2nij + G W — Wos'

eiUﬁG# 77§

2c

G . o —
—3(G’f+ b —e’”ﬁg#)‘lfzf—3(G4f+

2o 27 )¥at'. (336b)

el\)
5 . . - 3GH, ¢

0=(p —25—2p)¥3 — @ — 32" — 38 + Uuic — 370np' — 206" + 22~
26”’5‘#

#
+3<1 _ Z—.v)\IJz%’+3\IJZf’, (3.36¢)
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0=(0p —p—p)Ws — (@ — 4t — 4703 — 304, + Uy)6/, (3.36d)
0= —p -5V — @ —48)¥; — 3, + ¥y)5, (3.36¢)
0= —28 250 — (@ —3t)¥, — 3’ — 2035

3¢V GhU, ¢

+3(1— et + : (3.36f)

2c#
0= =38 =35 )W — (@ —28)¥3 — 3¥,5' — Uy5, (3.36g)
0=(p —4p —4p)V3 — (0 — ) Vs. (3.36h)

Here G? can be interpreted in terms of Gf via (3.14).

Proof. A direct translation of the standard GHP Bianchi identities in [16] to our differ-
ential variables gives the relations (3.36). Here we have also used the background type
D Bianchi identities to handle the derivatives of \ilz. O

Remark 3.16. Tt is important to note that the full set of equations, i.e. the evolution equa-
tions for the differential Lorentz transformation variables (3.18), the structure equations
(3.19)(3.20)(D.1), the Ricci relations (3.30)(D.2) and the Bianchi identities (3.36), are
all properly weighted equations. This means that they make sense for the entire family
of background principal null tetrads.

Remark 3.17. From the Bianchi and Ricci equations, one can derive non-linear versions
of the Teukolsky master equations (TME) [35]

(' =48 —4p'=p' = pb —p—p) — (@ — T —4¢' —47)(0 — D)

=30+ ¥ +6567)) 0y

=403 — 7 — )5’ +45' 0 W3 — 10032, (3.37a)
(b —d4p—4p—p—pB —p =) —© -4t =7 — (O — ' =)

=300 + 0, +667)) ¥

=40 (p = p — fHk + 40 (0 — 2)6 — 4k PV +46 3y — 10¥,2. (3.37b)

From the Bianchi equations, it follows that the differential curvatures satisfy the
evolution system given in the following corollary.

Corollary 3.18 (Evolution system for the differential curvature components). Assume
the vacuum, radiation-gauge hypotheses of Definition 3.3 and frame-gauge hypotheses
of Definition 3.12.

Let (t,x,y, z) be a real coordinate system such that constant t hypersurfaces are
spacelike.

The differential curvature components satisfy

Wy Yy
¥ ¥

B | U |=— > Bo|d|+F (3.382)
@3 iefx,y,z} \IJ3

Wy Wy
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where F = F(u) is a function of the geometric variables and

n'3ni —n3mi 0 0 0
‘ _nt3rﬁi nt3li +llnr2ni _ltnt2mi 0 0
B' = 0 —I'n 2@t a2l 40200t —1nim! 0 Yieltx,y,z).
0 0 _IIZntn—,li ll2ntli +ll3ni _lt3mi
0 0 0 —13m! 13

(3.38b)

Proof. Consider the components of the foreground frame in terms of the coordinate
co-frame, i.e. I' = [%(dt), etc. The spacelike nature of the hypersurfaces means that the
co-normal (dt), is time-like, i.e. 0 < g***(dt),(dt)p, = 21'n' — 2m'm". In particular,
we get I'n’ > m'm' > 0. Furthermore as we assume that /¢ and n“ are future pointing,
we get that [/ > 0 and n' > 0.

We can write (3.36) in the form

—m' ' 0 0 0
0 —m' I' 0 0 7
7
0 0 —m' I' 0 \I,O
0 0 0 —m I 2!
no—mt 0 o o |%|¥
0 n —m 0 0 Vs
0 0 n —-m 0 Wy
0 0 0 n' —m!
mio—l 0 0 0
0 m —=I' 0 0 -
- U 7
0 0 m —I' 0 o
0 0 0 m —I 2!
= 2 | im0 0 o |U|%|tle
I g im0 0 Y3
0 0 —nim 0 Vs

0 0 0 —n m

where /.0. denotes a function of the geometric variables u but not their derivatives. The
corollary follows from multiplying this by

0 0 0 0nr3 0 0 O
n3 0 0 0 0 ['a2 0 0
0 'n2 0 0 0 0 200
0 0 20 0 0 o0 I
0O 0 010 0 0 O

3.8. First-order symmetric-hyperbolicity.

Theorem 3.19 (First-order symmetric-hyperbolic system). Assume the vacuum, radiation-
gauge hypotheses of Definition 3.3 and frame-gauge hypotheses of Definition 3.12.

Assume g is a solution of the vacuum Einstein equation. Let (t, x, y, z) be a real
coordinate system such that constant t hypersurfaces are spacelike.
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The system (3.18), (3.19), (3.30), and (3.38) forms a ﬁrst-grder symmetric-hyperbolic

system for the geometric variables u, and where G; and ¢ are given in terms of the
geometric variables by Egs. (3.14) and (3.13) and where ¢ and g# are given by Eq. (3.9).

Proof. The goal is to show that, using the algebraic relations for G; and ¢ in (3.14) and
for ¢ and g# in (3.9), the system (3.18), (3.19), (3.30), and (3.38) can be written in the
form

AW ou = Z A du+ F(u), (3.39)

ie{x,y,z}

where A’ and A’ are Hermitian matrices, where A’ is positive definite, and where A’,
each A’, and F are functions of u and 1. Note also that in this equation F(0) = 0, so
u = 0 is a solution of this system.

Since n is future-directed, for any ¢ € u, any transport equation of the form p'gp =
J1(u) can be written in coordinates as 7' ¢ = — Y.\ n'd;¢ + f>(u), where f> is
constructed from f; and from products of the connection coefficients appearing in b’and
of ¢. The equations (3.18), (3.19), and (3.30) are all of the form b’¢ = f(u). Therefore,
the right hand side of the entire transport system has a diagonal principal part. Since
n is real, these diagonal parts are trivially Hermitian. The spacelike nature of the slice
implies n’ > 0, so the left hand side matrix is diagonal and positive definite. This gives
equations for differential Lorentzian transformations, the metric components, and the
spin components.

It remains to obtain equations for the curvature components. In equation (3.38), the
B are clearly symmetric. It remains to show B is positive definite. The determinant and
sub-determinants of B’ are 41'8n'8(I'n" — m'm")(21'n" — m'm") > 0, I"*n'3(1"*n'% +
6l’n’(ltn’—mlrht)+(l’n’—m’n_1’)2) > 0, ltzntg(l’n’+3(ltn’—m’ihl)) > 0,n'°Q20"n" —
m'm') > 0,n'* > 0.Hence, B! is positive definite. This gives equations for the curvature
components and hence all components of u. Thus, equations (3.18), (3.19), (3.30), and
(3.38) form a first-order symmetric-hyperbolic system for u. O

3.9. Completing the proof of Theorem 1.4.

Proof of Theorem 1.4. The symmetric hyperbolicity in point (i) is proved in Theorem
3.19.

The geometric variables u include the foreground metric coefficients Gf and $#
and the differential Lorentz transformations v and . From these, the components with
respect to the background metric G* and ¢ can be calculated using equations (3.13) and
(3.14). From these and the background tetrad (lo , 1, m, m), the original metric g,5 can
be calculated. This completes the proof of point (ii).

Finally, suppose one has a set of initial data for the vacuum Einstein equation. Choose
also a set of initial data for v and n. On the one hand, the initial data for the Einstein
equation launches a unique solution of the vacuum Einstein equation. From the results
in Sect. 2, coordinates can be chosen so that this metric satisfies the radiation gauge
condition. Let v and 7 satisfy the evolution equations (3.18) from the frame-gauge hy-
potheses. The lemmas from this section give that the geometric variables constructed
from differential Lorentz transforms, the foreground metric, its connection coefficients,
and its curvature (and from the background quantities) satisfy the system (3.18), (3.19),
(3.30), and (3.38). Call this solution u;. On the other hand, the initial data for the vacuum
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Einstein equation, together with the choice of initial data for v and 7, launch a unique
solution of the system (3.18), (3.19), (3.30), and (3.38). Call this solution u;. Since u;
and uy have the same initial data, since they satisfy the same system, and since there is
uniqueness of solutions to first-order symmetric-hyperbolic systems, it follows that ug
and uy are the same. This means that the metric components coincide. In particular, the
metric constructed from the solution of the first-order symmetric-hyperbolic system uy
coincides with the solution of the vacuum Einstein equation launched from the corre-
sponding initial data. In particular, the solution of the first-order symmetric-hyperbolic
system determines a metric which satisfies the vacuum Einstein equation. This completes
the proof of the final point in the theorem. O

3.10. Initial data and residual gauge. Before concluding this section, we make a few
remarks about the initial data and the residual gauge.

Remark 3.20 (Propagation of constraints). With a coordinate system as in corollary 3.18,
one can interpret the equations (3.20), (D.1), (D.2) and the remaining Bianchi identities
as a set of constraint equations, by expressing the derivatives in terms of coordinate
derivatives and eliminating the time derivatives with (3.39). By applying a b’ derivative
to this set of equations, commuting the p’inside, using the evolution equations, and again
the constraints, one finds that the constraints propagate.

Remark 3.21 (Initial data for spin coefficients). If one is given initial data only for the
metric coefficients, v, and 7, one can construct initial data for the differential spin
coefficients via the full set of structure equations. Initial data for the curvature can be
constructed from a subset of the Ricci relations. Note that the values for v and 7 on the
initial slice are not constrained if we interpret (D.1) as equations giving initial data for
differential spin coefficients. The initial data for the metric coefficients are constrained
due to the fact that we are only considering vacuum perturbations.

Remark 3.22 (Residual gauge). In this section, we use the radiation gauge condition in
the open set on which we construct solutions. From the perspective of naive function
counting, these specify the four free functions that can be specified by a gauge choice
in an open set. This gives a unique solution for each choice of initial data. However,
there remains a residual gauge freedom that can be treated as a diffeomorphism of the
initial data. In the next section we will see that the diffeomorphism part of the initial

data gauge freedom can be partially fixed by making ¢* small in an appropriate sense.
The initial data part of the differential frame gauge can be fixed by choosing the initial
data for v and 5. As discussed above, this can be done in an arbitrary way, but it is
convenient to choose the initial data for v to be 0. As we will see below, v will then stay
quadratically small. To also set the initial data for 7 to zero is also possible, but it will
not stay quadratically small during the evolution. An alternative is to set the initial data
for 7 so that the initial data for A is quadratically small. This has the advantage that 8
will stay quadratically small. For details see Sect. 5.3.

4. Imposing the Trace Condition

This section can be summarized as follows: Price-Shankar-Whiting [32] have shown
that, for the linearized Einstein equation, a linearized gauge transformation that satisfies
the linear radiation gauge condition can be further transformed to satisfy the linear trace
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condition and hence the full radiation gauge of Chrzanowski; we show that the same
result can be shown to quadratic order for the full Einstein equation.
The main result of this section is the following refinement of Theorem 1.3.

Theorem 4.1 (Enforceability of the trace condition to quadratic order). Assume the
vacuum, radiation-gauge hypotheses of Definition 3.3. Let k' be a sufficiently large
integer and let (X, Y, 1, J, h,U, V) be as in Definition 1.2 for a diffeomorphism.

There exist sy > 0, k > k/, and K > 0 such that if gup is a symmetric (0, 2) tensor
8ab satisfying the vacuum Einstein equation and |g — §|ck ) < o, then:

(1) There is a c¥ diffeomorphism gauge transform (U, V, ®) such that |d>*_1g -
Elew vy = Klg — &lckmn(x)) and CI>;1g satisfies the radiation gauge condition
onV.

(ii) Furthermore, ® can be chosen such that

18" (@, @b — 8 kabl v vy = Klg = &l3u - 4.1

Remark 4.2. In the proof of the above theorem, we use only the diffeomorphism gauge
and the background operators, independent of the choice of foreground frame gauge,
thus leaving the freedom of choosing a frame gauge. In particular, the statements in both
the well-posedness Theorem 1.4 and the above theorem 4.1 can simultaneously hold by
the above diffeomorphism gauge choice and the frame gauge choice in Definition 3.12.

4.1. Review of the linear radiation gauge condition from Price-Shankar-Whiting [32].
In this subsection, we review the results of [32] on the linear radiation gauge and linear
trace conditions as well as the ORG, which appear in Definition 1.5. The radiation gauge
in [32] is based on the vector field /, while ours is based on n. Therefore, many of the
formulas interchange primed and unprimed. We state the following result for a Kerr
background, although [32] show these results hold in the wider class of metrics.

To explain the linear theory, following [32], we introduce the Held integration tech-
nique first described in [20]. We have re-derived all equations and made slight modifi-
cations to make sure that all expressions are properly weighted. A spinor « is defined to
be a Held spinor if p’a = 0. For a spinor «, the notation «° indicates that « is a Held
spinor. For a vector field X and a point p, define ®[X](s)(p) to be the flow along X,
i.e. such that for any p, the function ®[X](s)(p) is the solution of %CD[X](S)([?) =X
and ®[X](0)(p) = p; for sets S and P of R and the manifold respectively, define
DIX](S)(P) = Uses, pepPLX](s)(p). For a spinor o defined on a hypersurface X
which is given as the graph of r as a function of (v, w), there is a unique extension of «
as a Held spinor on ®[n](R) (%), which we will denote by «°. For Held spinors defined

on an open set, the operators f)", §°, and &/'° are defined to be

pdap gl o t'3e 10y

b°p = - “—~ +bo— — —, (4.2)
25 25 o4 o
Y X

59— — Pf;/ﬁﬂ +Tﬁf’ (4.2b)
0 P

. te &

dop=-12, 2% (4.20)
1Y 0
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For a spinor « defined on X, the operator f>° denotes the operator defined by extending
o to «°, applying E°, and then restricting to X again. For a spinor « defined on %, the
operators d° and &'° are defined analogously. Note that, when acting on Held spinors,
the operator b’ commutes with E°, 5°, and &'°.

The following lemma encapsulates the key results of [32] regarding the linear radi-
ation gauge condition. Equations (4.3) and (4.4) correspond to equations (15) and (23)
of [32].

Lemma 4.3 (The linear radiation gauge condition [32]). Let0 < ry < rp < coand vy <
V2. Let the background hypotheses of Definition 3.3 hold withU = (r1, r2) x (v, v2) X S2.

Let hgp be a symmetric (0, 2) tensor that satisfies the linear radiation gauge condition

of Definition 1.5. Let & be a vector field.

(i) The tensor field hqp + Lg §ap satisfies the linear radiation gauge condition if

pe = —&,G+1) —&;,(F+1) — D&, (4.3a)
Pe; =0, (4.3b)
pen = —&ap —Eit — D&, (4.3c)
pes = —&:0 — &7 — ;. (4.3d)

(ii) The general solution of (4.3) is given in terms of arbitrary Held spinors & ;3, AR
&% by
m

o/

o &E%% N7, N7 or5/ 11 I~
§i=§?+srf—+ UL + €<T2+TZ+T‘L:)+_(O_+T)1)O%_?
[ p/2 15/2 n 2,0/2 2[5/2 15/,5/ 2 ) po/ 7
f/éogz 3 é/ogz
Ty Ty (4.4a)
i =& (4.4b)
ECZ 52%/ 200
b =7+ = O (4.4c)
Jo
é: = E__’El + EZ‘E/ _ é/os?. (44d)
m /o)/ ,5/ n

The approach of [32] to the full radiation gauge of Chrzanowski proceeds as follows.
Since the linear radiation gauge condition has already been treated, it remains to treat
the linear trace condition. In the linearization of the Einstein equation, the trace is the
linearization of G*, so it satisfies a linearized version of (3.19b), the linearization of
which is a transport equation driven by the linearization of p’. In turn, p’ satisfies (3.30b),
the linearization of which is a homogeneous transport equation. Thus, the trace satisfies
a second-order ordinary differential equation, which has a general solution involving
two free parameters, denoted a® and b°. If a linearized gauge transformation satisfies
the linearized radiation gauge, then a° and b° can be expressed in terms of & l?, :h’ & ;:l’

ég. Furthermore, E;’, fh’ &%, “g‘;l? can be chosen so that the linear trace condition holds.
m

It is convenient for us to take a slightly different perspective on imposing the linear
trace condition. This is based on considering the initial value problem for the second-
order ODE satisfied by the linearized trace, rather than analyzing the general solution in
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terms of a° and b°. A linearized gauge transformation takes /4 to hyp + Lg §qp. Thus,

to impose the trace condition, it is sufficient to be able to specify g %(aéb). As noted
in [32], this trace is given by

§"VEn = — 5B+ P) — (B + ) — 085, — 05 (4.52)
Assuming that & satisfies (4.3), the derivative along n can be calculated as

P&V atp) = & (Wa +Wn — 25p") — (87 + 572 + 28,5/ + 28 5't'

+ (8 + 8 D& — (8 — ) DE; + 008+ (5 — ) e + D&,
(4.5b)

Applying the general solution of the linear radiation gauge condition and further calcu-
lation leads to the pair of equations

°ab% 0/ oab%
SV 2y P V) g
4Kk 41
= by + 5 0°65 + 5 05, (4.60)
(1 — }1)* 8" Vias _ D@V _
8D ey iy — S 2 1y 2
412k P dic1#p
__ &0 1 50X/0s0 1 %/0%0s0 (Kl —121/) /0 s 0 %050
_éi—iﬁé éﬁ—jﬁ 65;,4‘?1'5/(5 %.’;’_8%.7;1)
52 Kl Q < o of oo/
+2/T,2(E—xp2+\y2+2pp —2n), (4.6b)
1/

where the Killing spinor coefficient | is given in equation (3.32). The right-hand sides
of these two equations loosely correspond to the quantities a® and b° from [32]. Set

§, =0and E:’% = 0. Set & to satisfy the analogue of (4.6a) where gt %(aéb) and its f)’

derivative have been replaced by % §%h,y and its f)’ derivative on an initial hypersurface
Y. In a similar way, set & ;’ to satisfy the analogue of (4.6b). From this choice of £°,
set & to be the corresponding general solution of the linear radiation gauge condition.
This has been chosen so that the trace of /1,5 + L¢ 45 and the f)’ derivative of this trace
both vanish on the initial hypersurface ¥. From the second-order, linear ODE that it
satisfies, the trace remains zero. This imposes the linear trace condition, and hence the
full radiation gauge of Chrzanowski.

4.2. Proof of Theorem 4.1.

Proof of Theorem 4.1. Step 1: Preliminaries. Note that the first point of the theorem
is simply a restatement of Theorem 1.3. Thus, we may assume that a diffeomorphism
gauge has already been chosen to impose that result. Within the proof, we will impose
a pair of further diffeomorphism gauges. The first will impose the trace condition to
quadratic order while potentially violating the radiation gauge condition, and the second
will reimpose the radiation gauge condition while preserving the quadratic smallness of
the trace term.
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We assume the hypotheses of the theorem and initially consider what can be uniformly
controlled. By taking k sufficiently large with respect to k’, there is a constant K such
that | Riem [g] — Riem [g']'ck’(U) <Kl|g— §|Ck(U). In this case, we can take k = kK’ + 2,
but this illustrates that to control any quantity to desired regularity k’, we can choose k
sufficiently large. We will use the notation ¢ = |g — &|c# ) and, for an exponent p, the
notation @ = B+ O (e”) to indicate that there is a constant K, possibly depending on the
open sets and regularity constants k and k', such that |o — | ¥ vy <K|g—

We use « is O(eP) to mean @ = 0+ O (&P).

s|1P
g|Ck(U)'

Within this proof, we shall use the “noncurvature quantities” to refer to the differential
Lorentz transforms, metric, and spin coefficient components. The geometric variables
as given before the diffeomorphism gauge is applied are called the geometric variables
in the original gauge; the geometric variables after the diffeomorphism gauge has been
applied are called the the regauged geometric variables.

There are three subtleties to address in this proof, all of which are resolved through
the use of the smallness of the norms. The first subtlety is that, when constructing the
diffeomorphisms, it is necessary that the image of V remains in U.

The first diffeomorphism is generated by the flow along a vector field, and the image
property is ensured by the ¢ smallness of this vector field. The second diffeomorphism
is generated using the argument from the geodesic flow from Sect. 2, and the image
property is ensured by & smallness of the perturbation of the initial data in the geodesic
flow.

The second subtlety is that the domain V depends on the norm of the geometric
variables, but the cK (V) norm of the geometric variables depends on the choice of V.
The regauged noncurvature quantities satisfy transport equations that are driven by both
the regauged noncurvature quantities and the regauged W;; the regauged noncurvature
quantities are determined by this evolution, while the W; can be viewed as being calcu-
lated from the curvatures Riem [g] and Riem [¢] in the original diffeomorphism gauge
and from the regauged foreground tetrad, which is determined by the regauged differ-
ential Lorentz transformation variables. Since the curvatures in the original gauge are
already given on U, the regauged noncurvature quantities can be determined from the
transport equations from their initial data and from the curvature in the original gauge.
Since the regauged noncurvature quantities are £ small on the initial hypersurface, /1 (X),
itis possible to pass to a subset 2(Y') so that both the image under the transport equations
remains in V and the regauged noncurvature quantities remain & small on V, provided
that the regauged W; remain & small.

The third subtlety is that, a priori, the ck (U) norm of Riem [g] — Riem [£] need not
control the CK(U) of the W; because there is not an a priori bound on the lengths of
the foreground tetrad with respect to the reference Riemannian metric used to define
the C* norms. This third subtlety is resolved by observing that as long as the Lorentz
transformation variables remain bounded, the norms of the regauged ¥; are controlled
by the corresponding norms of Riem [¢] — Riem [¢] and the norms of the Lorentz
transformation variables. Since the proof shows that the Lorentz transformation variables
remain ¢ small, we trivially recover the bootstrap assumption that they are bounded for
the third subtlety, which then provides the necessary conditions for the second and first
subtlety to be resolved.

Within this proof, we shall define a Held spinor to be a Held spinor with respect to
¢ and again use the notation «° to denote that « is a Held spinor.
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Step 2: Define £. Set &), = 0Oand &7, = 0. Set &, to satisfy the analogue of (4.6a) where,
on the initial hypersurface /(X), the quantities g%° %(a vp)y and its b’ derivative have been
replaced by %é“b 8ab — 2 and its b’ derivative respectively. In a similar way, set 5 to
satisfy the analogue of (4.6b). From this choice of £°, set & to be the corresponding
general solution of the linear radiation gauge condition given in equation (4.4). This has
been chosen so that the trace of gap, + L $ap and the b’ derivative of this trace both vanish
on the initial hypersurface 4 (X). Note that from the smallness of g, the components of
& are O (¢e).

Step 3: Construct an initial gauge transformation from the flow along £. Recall
®[£](s)(p) denotes the flow along &, and that this defines a local diffeomorphism. For
simplicity, denote by ®; the diffeomorphism such that ®(p) = P[£](1)(p) for all p
for which this is defined. In particular, if ¢ is sufficiently small on a scale dictated by U
and V, then ®; will define a bijection from V to a subset of U. Since & and g — ¢ are
O (¢), it follows that ®} g is also O (e).

Since & and g — ¢ are both O(e), it follows that Lgga, — Legap is 0(&?). From
the Price-Shankar-Whiting lemma on the linear theory, it follows that L¢ g, satisfies
the linear radiation gauge condition, so n%Lggqp is O(g?). Similarly, on the initial
hypersurface i(X), the vector field £ was chosen so that §¢° Le(g — &)ap and its P’
derivative vanish. Thus, on the image of h(X), they are O(&?). From the transport
equations (3.19b) and (3.30b) satisfied by ¢-* and p/, it follows that the perturbed trace
¢* satisfies a second-order ODE in which all the terms that appear are either linear in

@# or of size O(g?). Since the initial data is O (&%) on the image of h(X), this means

that $# remains O (¢2). Thus, §“bcl>’fgab — 4is also O(g?).

Step 4: Reimpose the radiation gauge. From the enforceability of the radiation gauge
condition in theorem 1.3, it follows that there is a local diffeomorphism &, such that
@7 (P g) satisfies the radiation gauge condition. From the previous step, we know that
®7g is already very close to satisfying the radiation gauge condition. In particular,
following the proof of the enforceability of the radiation gauge condition in Sect. 2, one
observes that the size of ®}(®7g) — @7 g depends not on the size of all components of
®7g — &, but only upon the size of the components of n“(®] g) 4. From this, it follows
that ®3(Pjg) — Pig is O(&?). In particular, §“b(d>§<l>1kg)ab — 4 is O(g?). Defining
®* = @3 o ®7, one obtains a C ¥ diffeomorphism of V to a subset of U. This completes
the proof. O

5. Linearization

In this section, we begin by linearizing the results in this paper in Sect. 5.1, then compare
with our previous results in [1] in Sect. 5.2, and conclude with some further remarks
on how the initial data for the frame gauge can be used to set 8 = 0 to linear order in
Sect. 5.3.

5.1. Linearization of results in this paper. The linearization of the systems considered
in Sect. 3 can now be computed. Dropping the nonlinear terms, one obtains the following
result.

Theorem 5.1 (Linearization of the equations of Sect. 3). Assume the background hy-
potheses of Definition 3.3.
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The linearization of the relations between the different versions of the metric compo-
nents yield

Gt =Gy=—Gy= G, (5.12)
G'=G,=-G, = -G, (5.1b)
Gt =Go=—Gp = ~Gb, (5.1¢)
c/; $——$——$ (5.1d)

Furthermore, the linearization of the system (3.18), (3.19), (3.30), and (3.36) consists
of

po=1idgp - 5. (5.22)
5% B B +0p +ivt — —$r + 5 ng (5.2b)
P Gr= — Gop +Gapp' +25, (5.3a)
bé= 205+, (5.3b)
p'Gr= =20 —2G1p' +G1p — Got + L@ + 2008 + 27, (5.3¢)
BGo= — 28 —26—2G % —2G % —2in¢ — 277, (5.3d)
p'6’ =y + /3/3/ +5'5, (5.42)
p'o =24 (5.4b)
RGN S - P T (5.4¢)
DB =pp —ivp't+idpe+pt, (5.4d)
DB =W+ Bp +LGap't — 6%, (5.4¢)
Bém Wy — 7t —GCipt+B(—t+t)+25 + B2 —7), (5.4f)
po=— \ilz+,5§+f)5’+/§f+,5’f +204't + 1Got?
- ;(41-, — i) (Farer — Unieys + 21 (BB — pi + 1)), (5.4¢)

E’3=5;+ ' ,37,'—,3/‘1,'+277,0‘L'+l\1‘1,' ——$t
GZ o ° o of o9/, oof
+ E(\leq — Uk +2k1(pp — pp + 1T )), (5.4h)

— U —ét+et—pt—Gop't+ntP+ Gt +6(—t+ 1)

T
Xt
I

1 - o 5 - - .-
+ 2—(7’7 +G1) (Vo — Woky + 261 (88" — pp" +t2)) + pT/ + pt',  (5.41)
K1
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B‘i’] - é/q—’o = — 3\i’21;6 +4‘~i/1,5 —Upt, (5.5a)
f)\ilz — 8/\i/1 = 3\1—’2,5 + 3&—’2,5 + %Go‘i—’zpc/ — 35&—’2‘3
—3G ¥t — 30dnt’ — 3G Ut — 20 ¢, (5.5b)
f)\il3 — %/\i—'z = Z\i—’3/3 + 35&—’2[’)/ + §G2\ij2f — 3i\')\i—'2‘f/ — §¢‘i/2‘f/ — 3\i—'2‘8/ — 3@2%/,
2 4
(5.5¢)
E)\if4 — é/\i/3 = \114/3 + 3‘i’26:‘/ — 4‘i—’3‘f/, (5.5d)
Py — 3, = Wop' + 305 — a2, (5.5¢)
E/\i—’l -5 \i»'z = 3ﬁ\i’2,5/ + 2@1/3/ + 3if}\i/2‘f — é@‘i—’zf — 3\i’2‘f + 362@27?,, (5.5%)
4 2
f)/\iJz —5\p3 = 3\112,5/+3\i125/—2\p3f, (5.52)
Py — 3y = 4055 — Uut. (5.5h)

Furthermore, the linearization of the constraint equations (3.20), (D.1), and (D.2)
are the linearized constraint equations (E.1) and (E.2).

One of the central goals for this paper is to construct a gauge condition for the Einstein
equation with the property that its linearization is the linear radiation gauge condition
and, furthermore, to make a more restrictive gauge choice with the property that its
linearization is the full radiation gauge of Chrzanowski, which has long been studied by,
for example, [10,32]. Linearizing the gauge conditions constructed in this paper, one
finds they have these desired properties, as stated in the following theorem.

Theorem 5.2 (Linearization of the radiation gauge and the trace condition). Assume the
background hypotheses of Definition 3.3.

(1) The linearization of the radiation gauge condition (1.3) for a metric g is the linear
radiation gauge condition (1.4a). ]
(ii) The linearization of the gauge transformation in Theorem 4.1 is the condition ¢ = 0.
(iii) The linearization of the combination of the radiation gauge condition (1.3) and
the residual gauge transformation in Theorem 4.1 is the full radiation gauge of
Chrzanowski of Definition 1.5.

From the evolution equations (5.4b) and (5.3b) for ,5’ and G and also from the
evolution equation (5.2a) for v, one obtains the following result.

Theorem 5.3 (Invariant subspaces). Consider the linear system given in theorem 5.1.

(i) The set {(@, ,(?/ ) = (0, 0)} is an invariant subspace.
(ii) The set {(&, p’, V) = (0, 0, 0)} is an invariant subspace.

Remark 5.4. There is an alternative perspective on the first part of the previous theorem
based on linearizing the equations in Sect. 3 subject to the gauge transformation 4.1.
The previous theorem states that the set {(¢, p’) = (0, 0)} is an invariant subspace
for the linearization of the evolution equations in Sect. 3. Alternatively, instead of first
linearizing and then restricting to a subspace, one can first restrict the nonlinear system in
Sect. 3 via the gauge transformation in Theorem 4.1 and then linearize. In the latter case,
one obtains from the linearization of the gauge condition in Theorem 4.1 that ¢ = 0
and hence, via equations (5.4b) and (3.20b), also ,5’ =0.



L. Andersson, T. Bickdahl, P. Blue, S. Ma

The invariant subspaces {(¢, ,5’) = (0,0)} and {(¢, 5’, V) = (0,0,0)} are also
stable, which can be seen by the following argument. The transport equations governing
¢ and p’ are

ba=—20+p) (5.62)
b =28p" (5.6b)

One can treat these ODEs using the method for proving decay of solutions of transport
equations that was introduced in [1]. Qualitatively, the argument proceeds as follows.
One works in Boyer-Lindquist coordinates and wishes to prove decay of a variable in
t for fixed r, assuming that the solution decays rapidly on the initial surface {r = 0} as
r — oo. For a transport equation of the form b’¢ = 0, one has that the value of ¢ at
(t1, r1, w1) is equal to the value of ¢ at the intersection of the initial hypersurface {r = 0}
with null geodesic tangent to n going through (#1, 71, @), which occurs at 75 = 0 and
ro — r1 is bounded above and below by positive multiples of #; for #{ > 1. Thus, |¢|
decays in ¢ because the initial data decays in r. Similarly, for an equation of the form
b9 = c18'¢, one can introduce an integrating factor 4’2, and the growth or decay
arising from the change in value of this integrating factor can be more than compensated
for if the decay of the initial data is sufficiently fast. Furthermore, for an inhomogeneous
equation of the form b’'¢ = ¢18'¢+1%, applying the integrating factor and integrating, the
contribution from integrating ¥ is like ¢ (the length of the integration along the geodesic)
times the maximum of |}| (the maximum on the geodesic), but if this also decays in
t +r, then the additional factor of 7 from the integration can be dominated by the decay
in t + r, although the decay of ¢ will be one power worse than that of ¥. Applying
this method schematically, one sees that if ,5/ decays rapidly as r — oo on the initial
hypersurface {r = 0}, then it will also decay rapidly as  — oo at fixed r. Integrating
the transport equation for ¢, one obtains that ¢ also decays rapidly (although not quite
as rapidly). In future work, we will investigate the quantitative behaviour. In doing so,

we note that we will have at our disposal the diffeomorphism that allows us to set ¢t
to vanish quadratically, which one might plausibly expect to allow one to show that

such a diffeomorphism could be chosen so that ¢* and 5’ vanish much more rapidly
than the other metric and connection coefficients. As shown in [1], these methods for
proving decay apply not only in Boyer-Lindquist coordinates at fixed r as t — oo, but
also in hyperboloidal coordinates that allow for precise estimates near null infinity; such
estimates are likely to be crucial for controlling nonlinear terms in the Einstein equation.
The stability of the invariant subspace {(¢, ,5/ ,V) = (0,0,0)} follows from a similar
analysis of equation (5.2a).

5.2. Comparison with previous work. In this subsection, we compare the linearization
of the results in this paper to the results in [1].

This comparison is somewhat complicated by the different order in which certain op-
erations are performed. The Einstein equation is inherently a tensorial equation, whereas
the techniques we use in this paper to prove symmetric hyperbolicity and the techniques
used in [1] to prove decay are both for systems of scalars. Thus, by projecting on tetrads,
we convert from tensorial equations to systems of spin-weighted scalar equations, a pro-
cess which we refer to as scalarization. In this section, we are interested in linearization.
We are also interested in imposing either the nonlinear radiation gauge or its lineariza-
tion, and further imposing the residual gauge of theorem 4.1 or its linearization ¢ = 0.
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Table 1. Relation between linearized variables in [1] and in Sect. 5.1

[1] This paper

Gy Go

Gy G

Gy Ga

Gor G

Gox G2 _

B B+ip +5G1p

I B

¢ E+nit + 1G?

3 k—ip—Gip+3Got+bi+1bG
5 p—nt+dn+ 109G

G &—5Gap—it+dn+ 508G
&' é/ _ %Gz,ﬁ’

7 ‘E'/—f}ﬁ,—G.l,é/

LA Wy

D3 s

DU, N

A by - 300, — 3G ¥,

A )

Therefore, we are applying scalarization, linearization, the (nonlinear or linear) radia-
tion gauge, and the (nonlinear or linear) trace condition. So far, in this paper, we have
applied the radiation gauge first, scalarized second, and then linearized. (The comments
at the end of the previous subsection show that we obtain equivalent results whether we
linearize first and then restrict to ¢ = 0 or, alternatively, apply the gauge transformation
in Theorem 4.1 and then linearize.) In contrast, in [1] we linearize the Einstein equation
first, scalarize second, and then impose the linearized radiation gauge and the linearized
trace condition. Although it is possible to justify the switching of the order of imposing
linearization, scalarization, and the imposition of the gauge conditions, the following
theorem provides a more direct comparison. Because [1] linearizes before scalarizing,
there is no need to introduce a foreground frame, so the linearized differential Lorentz
transformations (7, v) have no analogue in [1].

The following theorem provides a relation between the linearized equations in The-
orem 5.1 and those in [1].

Theorem 5.5 (Comparison with linearization in [1]) . Assume the background hypothe-
ses of Definition 3.3.

Using Table 1 to identify the linearized variables in [1] with the linear combination
of linearized variables from Sect. 5.1 restricted to the invariant subspace (¢, ,5’ ,V) =
(0, 0, 0), we have that the full linearized sytem in Theorem 5.1 including the constraint
equations is equivalent to the system in [1, Lemma A.1] together with the transport
equation (F.2a) for 0. In particular the system in Theorem 5.1 implies the system in [1,
Lemma A.1].

Proof. Under the change of variables given in Table 1 and applying the background
GHP commutators to eliminate all second-order derivatives on the right-hand side, the
system in Theorem 5.1 restricted to (&, 5, v) = (0,0,0) is equivalent to the system
(F.2)—(F.5). Using the relations (F.2a), (F.3) and (F.4) in the other equations one finds that
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the full system (F.2)—(F.5) is equivalent to the system consisting of (F.2a) for 7 together
with the system in [1, Lemma A.1] for the linearized variables in [1]. m]

Remark 5.6. In principle, restricting to the subset ($, 5’ ) = (0, 0) would work too, but
this would make Table 1 more complicated. A non-zero v would just correspond to a
spin rotation of the foreground frame with respect to the background frame.

Remark 5.7. While the full system of evolution and constraint equations in Theorem
5.1 is equivalent to the full system of evolution and constraint equations in [1, Lemma
A.1], the evolution systems alone are not equivalent. This is due to the fact that different
combinations of the constraint equations were added to the evolution system. These
different combinations were added to get symmetric hyperbolicity in this paper and to
have a convenient hierarchy for proving decay estimates in [1].

Remark 5.8. 1t follows from the previous theorem and the results of [1] that the metric
coefficients (Go, G1, Gy) satisfy the decay estimates given in [1]. The decay of the
remaining connection and curvature components in [1] can be computed from the decay
of the metric coefficients.

Remark 5.8 gives decay for all the variables except 1. As previously noted, the
quantity 7) has no analogue in [1], but 7} can be shown to converge to a limit. First,

observe that ¢ = (/4 and ¢* = —@ /4, which can be treated as either being zero
in the invariant subspace or as converging rapidly to zero because of the stability of
the invariant subspace. Note that the background values of ¢ and ¢* are both 1. The
linearization of equation (3.20c) is

BB =—ip —Gip +np +GCp + 16 — 7 +ivd — L¢P, (57)
Substituting this formula into equation (5.2b), one finds that the equations (5.2b) becomes
bi=ip —Gi(p — p)+AGrG+2) =T +iv(E+7) — LGE+T).  (538)

Assuming all the other linearized quantities on the right of the transport equation decay,
then one obtains that 7 also decays as explained at the end of Sect. 5.1. An alternative
treatment of 7 appears in the following subsection.

5.3. Smallness of B. In this section, we show that it is possible to choose initial data for
n (or its linearization) so that 8 vanishes to linear order in both the linear and nonlinear
settings. While it may seem natural to choose initial data with i = 0, this does not

propagate, even when ¢ = 0.
First, consider the linearized setting. The previous subsection argues that we can

choose ¢ = 0, ,5/ = 0 and v = 0. With these choices (5.4d) gives a homogeneous

evolution equation for . Thus, if B can be chosen to be initially zero, it remains so.
Assuming that the linearized Yersions of equations (3.19c), (3.20c), and (D.1a) hold, it

follows that the vanishing of A is equivalent to each of the following

BN +38 =261+ 18 @ —E+ )G, (5.92)
/ _
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B =1 +28 — )G+ 10+ — )G (5.9¢)

From the first of these, we see that 77 can be chosen initially so that 4 vanishes initially.
Recall that the initial data for the metric, spin coefficients, and curvature components
must satisfy constraint equations, so they cannot be all freely specified. Although equa-
tion (3.19c¢) is an evolution equation, equations (3.20c) and (D.la) can be viewed as
constraints on the initial data, and these impose constraints in the linearization. Due to

the fact that the evolution equation for 8 is homogeneous, it follows that 8 will remain
zero, and hence that these three equations (5.9) will remain valid. Equation (5.9a) can
be used to estimate 7.

Now consider the nonlinear case. In this case, given initial data for the metric and
its derivatives, one is free to choose initial data for v and 7 in the frame gauge. Once
initial data for v has been chosen, it is possible to compute 6’ and p’ via equation (3.23)
purely in terms of quantities defined with respect to the background tetrad and v, without
having specified 1. Thus, for example, one may choose the initial value for 7 so that

3GizGls'#3 o 3 GTg“ o 3 Gizg#zél — —
n= —W(p/—p% 2eh (2—3g#g>(p/—p/>+W(GzGl+2Glg2>

#2=7 Goc*t - 1 5
—?;(G1G2+2G1§2)— 42;, (F =)+ 350" — "~ )

#1 2 ~INY #2 X #2 A~

+ 0 +20)G 0 G 0G
_SWHA 206 0 | gy, G267 00,
4p' 8¢p’ 1635’

Gi #2§G Gi #3 5/ #3 E";/? 672 #3 %,G

SO0 yaghgy - B 00 S0 G 00 (50
16575 85p 4p 16544

With this choice, and trivial initial data for v, it follows from equations (3.19¢), (3.20c),
and (D.1a), that the initial data for 8, T’ and B’ takes the form

3 G
B=—ni+ 20 (5.11a)
2¢
#
- _ e ~ S = o ~ o Iy
T/=77(,0/"'/0/)4'@(G1G2+2G1§2)(ﬂ/+2ﬂ,)+%Gls‘#(/)/—ﬂ/)
#~
+n6' + 2;2 (G2G1 +2G1c?)

Gyt B o
+ @(g#+g>+ It —ot-1e-d* -9

Gz‘E’ ng#f)’a o
* e (g*‘—g>+74g2 +3* PGy, (5.11b)
5 nGap M PV 0 Gast
B =5 —25G1G+2G1HB =) —ii(p + 5 — p)+ (1 =Nt +F — —=
2¢ 2¢ 2¢
(5.11c¢)

In particular, B vanishes quadratically. The choice of 7 is not unique, in that there are
other choices of 1 for which f§ also vanishes quadratically. These equations will not
propagate under the evolution, although # will remain quadratically small for evolution
under equation (3.30d).
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Appendix A. GHP Formalism as a Gauge or Principal Bundle Theory
To begin, we recall the definition of a tetrad.

Definition A.1. Let (M, g) be a 1 + 3 dimensional, Lorentzian manifold with an orien-
tation and time orientation.

A real null tetrad at each point is defined to consist of a pair of distinct null vectors
[ and n satisfying g(/, n) = 1 and an orthonormal basis (e1, e2) for the plane orthogonal
to [ and n. A complex null tetrad is defined to consist of a quadruple of elements of
the complexification of the tangent space (/, n, m, m) such that they are null vectors and
I,n, (m+m)/~2, (m —m)/(i~/2) is a real null tetrad.

A real null tetrad is defined to be oriented if (/, n, e1, ¢) is an oriented basis, and a
complex null tetrad is oriented if the corresponding real null tetrad is.

In this paper, unless otherwise specified, a tetrad is understood to mean an oriented
complex null tetrad.

Given an ordered pair of (distinct and future-pointing) null vectors (i ,n)atetrad (I, n,
m, m) is defined to be aligned with [and 7 if [ is a positive multiple of [and nis a
positive multiple of 7 and defined to be constructed from [ and 71 if / = and n = 7.

A local tetrad is a smooth map from an open subset of M taking values, at each
point, in the set of null tetrads at that point.

An important aspect of the GHP formalism [16] is that it is designed specifically
to handle the situation where there is a pair of null directions that is naturally singled
out rather than a choice of global tetrad. This is particularly important where there is
a globally defined pair of ingoing and outgoing null vectors but there is no globally
defined tetrad that is aligned with this choice. The nonexistence of such a tetrad is
most clearly visible in the Schwarzschild space-time, where a hypothetical (m + ) /~/2
and (m — m)/(i~/2) would specify a global basis for the tangent space of the spheres
orthogonal to the radial ingoing and outgoing vectors, but no such global basis can exist,
since it is known that the 2-spheres do not have any globally non-vanishing vector fields.

Nonetheless, some specification of local tetrads is required, and, to explain this, it
is useful to use the language of principal-G bundles or, equivalently, gauge theory.
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Regarding the patching of these local tetrads, since [31, p269] simply states “this idea
can be made mathematically more precise in the language of fiber bundles ..., but we
need not elaborate on it here”, we briefly summarize the situation in this appendix.

We begin by considering sets of null tetrads. Consider a pair of null vectors at a point,
[ and n that satisfy g(I/, n) = 1. One can choose an oriented orthonormal basis (e, e2)
for the plane orthogonal to the plane spanned by / and #n. Any oriented real null tetrad
aligned with [ and 7 is of the form (Al, A ~'n, cos pe| + sin ges, cos ges — sin ge;) with
L € (0,00), ¢ € R and hence uniquely specified by 1e'? € C*, the set of invertible
elements in C. Similarly, any oriented real null tetrad constructed from / and n is of the
form (I, n, cos pe +sin pey, cos per —sin peq) with ¢ € R and hence uniquely specified
by ¢/¥ € S!. Real null tetrads are in one-to-one correspondence with (complex) null
tetrads, by taking m = 27!/2(e; + iey). Now consider a pair of globally defined null
vector fields, also denoted / and n. In the language of principal-G bundles, the set of
tetrads aligned with [ and n is a principal-C* bundle, and the set of tetrads constructed
from  and # is a principal-S! bundle. In the language of gauge theory, these sets have
C* and S' gauge groups respectively.

We now consider the notion of GHP scalar, which can be stated in various languages.
The GHP scalars that typically arise in this paper can be viewed as C-valued contractions
of a tensor with elements of a local null tetrad or their derivatives; hence, they can be
viewed as C-valued functions on the the bundle of null tetrads or the jet bundles over it.
An important type of GHP scalars are those that are properly weighted. In perhaps the
simplest language, a GHP scalar is defined to be properly weighted if there are scalars
(b, s) such that if the tetrad (/, n, m, /) is transformed to (A, A~ !n, !?m, e~9m) then
the GHP scalar is transformed from o to A?¢’5? . The exponents b and s are the boost and
spin weight. This definition can be expressed as being a function on the frame bundle and
transforming equivariantly, as being a section of an associated complex line bundle for
the null tetrad bundle, or as a gauge field associated with the set of null tetrads. Roughly
speaking, these different characterizations are like characterizing tensors, on the one
hand, by how their components transform under a change of basis, or, on the other hand,
as tensor products of copies of the tangent and cotangent space. The GHP scalars that are
not properly weighted but which arise in the standard presentation (that is 8, 8/, €, €')
can be viewed as connection coefficients for a connection on these associated complex
line bundles. For properly weighted scalars, it is conventional to use the (p, g) weights
such that b = %(p +¢g)and s = %(p —q).

Although it doesn’t arise in this paper, GHP spinors with noninteger boost and spin
weight can be defined by exploiting spinor structures instead of just tensorial structures.

Appendix B. GHP Commutators

With our gauge choice we have the following commutator relations for the foreground
operators acting on a field ¢ with weight (p, ¢) with respect to background spin and
boost transformations. These are verified using the definition of the operators in terms
of the background operators.

Phe=Dbbe—(F-1-i)0p— (-7 —2)0
—(p(-d =B+ 2@ 7)) 4q(—dr - B+ T +1))e, B.la)

PO =0bp— Do+ +7)0p+5 g+ (—p(p + )t +q(Fs —5'9)g,
(B.1b)
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Py = 0'b'p — by +6 0p+ (5 +p)0¢+ (p(¥3 = 6'1) —q (5 +5)E)g.

(B.1c)
bd¢= by — (T +t)be—kbe+(HF+p)dp+5d¢
—(p(B1+7( +5) — 5 +7)) +q 75 — G+ HE +)))e.
(B.1d)
bd'p=0by— (' +7)bp —kDp+30¢+(3+p) 0y
— (P(R&" = b+ P + 7)) +a (1 +R G +5) =5 (F +)) e,
(B.le)
009 =00¢—(—p'—p +5 +s)bo—(p+p—p— P Dby
— (=p(—d =B — 5+ ) + ) +55)
+q(—Bn =By = G+ PG +5)+55) )g. (B.1f)

Appendix C. Expressions for the Differential Connection

The background frame components of the differential connection [, are given by the
following expressions together with their complex conjugates.

Fli=Gi(—F+t)+Gi(—t+7) - $ PG, (C.1a)
- (C.1b)
M= —iGht+1Gt + kg - ¥) - L - §)Gr, (C.1c)
i =0, (C.1d)
s =0, (C.1e)
Flai = — (Y — 261G, (C.1f)
Foi =20 =4 -3¢, (C.1g)
[y = 164 (=2(b — p)G1 + (@ —28)Go) + 1GT(=2(b — p)G1 + (@ —2¢)Gy)
QbG0+G0(G1(—t+r)+Gl(—t+r)—§bGo), (C.1h)
[ =Gt + Gt +1GH (26, + )+ Gt +1) —2(D — 5)G))
+1GH @@ +#) =262t +7) —2(6 — §)G1) + 1 ' Go, (C.1i)
B = Gip+ LGH(-2G2(F — )+ 6 (¢ — ) — 25 — 5)G1) — 1G1QGIE +H G2
—1GH2Go(p =) — (b — p+ /G +2@ +)G1 —2( — #)G1) + $ 5 Go,
(C.1j)
[isn = 0, (C.1K)
Pl = 162G —t) — L@@ — )+ L+ 5)Gr + LGB + 8 — )¢ — LGH /G,
(C.11)
s = — 3 —2p)Ga — GEMD —28)G2+ @ — )G - L6166,

+§G’f(2G1(—p +8)+0¢ +Z°Y§), (C.1m)
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M = 3God + 3Gop' + 5(b =5 = PG + 1GEB — 4 = 516 + 30 — )G,

+3@ = #)G1 - JG{2G1H' +5G) - 361G +TG), (C.1n)
[y = G1p— Got' + Gh((b — $)G1 — 3@ —2¢)Go) —bG1 + 3§ Go

+GH(G1(E —#)+G1(t — )+ 1P Go) + 167 2G 15— 2Got' = 2D G+ Go).

(C.10)
Pt = —LGat+ 1@ (F+1) — 1Go# + 1GE(2GL (G + ) — G +7) + 2B — 5)G1)
+16* (2615 + 6T+ ¥ =262 + 1) —2D'Gy) - LG+ 1GiF,  (C.lp)
M = =16 —p) - 1Gop' +1Gop' — LGt - 1G1#' - 186G+ 1 §Gy
+1GT(2G2(F — )+ G (—t+2)+2(B' - $)G1) + 1 D& + 3G52G1# +D Gy)
—6"(Gp — Gp+2Go(p — §)+2G1t' +2G1T — b G +23G1 —28Gy),
(C.lq)
[e = — Gt/ + 161 (G (—F + 1) +2G2(¢ — P) +2(B' — §)G1) — 167 (2G1# + D Ga)
— 1G5 (2Go(p = B+ (b + 4 — HG +2(0 - )G — 20 +#)G1) — 3 b Ga,
(C.1r)
B =0, (C.1s)
P = 366 = )+ 1 D6 + 36" (65 = 5+ 6) + 363D G, (C.10)
= — 4G — 8"+ )¢ — § DG — 16" G, (C.1u)
[ = Gi(3' = 3+ 3GI(B —28)G2+ 506 +3G30G2 + 50Gy
+1¢* (¢ +0G, - 2G5 - ), (C.1v)
[ a=—Gip = {GI = p' = )6 - 556G — 1672615 +5Go)
+1G4Q2G 15 +8Gy), (C.1w)
i = 3G = 25162 — $G3(2G (5 = 3 +0 G2+ §'6) - § G2 — §6* 5/62.(:1 )
(C.1x

Appendix D. Constraint Equations Arising from the Structure and Ricci Relations

The remaining structure equations take the form
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where the background derivatives of background spin coefficients are given by (3.31)
and

+pp —tt + 1t (D.3)

Appendix E. Linearized Constraint Equations

The linearization of the constraint equations (3.20), (D.1) are equivalent to

K'=0, &=0, =0, (E.1a)
F—b =165 + 7). (E.1b)
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The linearization of the Ricci relations (D.2) are
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Appendix F. Translation Between this Paper and [1]
If we impose
¢ =0, p =0, b =0, (E.1)

it is possible to translate to the variables in [1] using the relations in Table 1 as well
as background GHP commutator relations to eliminate all second-order derivatives. In
particular, equations (5.2b), (5.3), and (5.4) translate to

b= —p+p— 1Gorp + LGy, (F.2a)
P Gay = Gay ' +25, (F.2b)
PGy = Gy — Gag# +27, (F.2¢)
P Goy = —2¢ —2¢ —2G 19t —2Gort + Gor?' + Gt (E.2d)
P& =0y + 56, (F.2e)
PF = oW+ 88 — Bp — LGyp'p =6t +1Gagp' +6'E — p'T, (F2f)
PR =vvs+p5 —6'¢, (F2g)
pB=—Bp +285 +57, (E2h)
Be= —0Ws+f't — fF— B¢ +282 — B +47 + 27, (F.2i)
o= — oW+ p+2f2t+p7—pi—it — 0B +0f+07, (F2j)
Fo =L1Gun+ 36+t —3pt — 27 —8f +0f+07, (F.2K)
b =1 p /
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The linearized structure equations (E.1) are equivalent to

i=0&=0, (F3a)
t=—1Gup +1Gut, (F.3b)
B—F = —LGoh +1Gpt - 7. (F3c)
p—p=—1Goyp +1Goyp — LGy + 18 Gor, (F.3d)
k= —Govp+1iGoyt' +IbGor — 3Gy, (F.3e)
E—Eé= —1Gop +1Goyp — 185Gy + L Gor, (E.3f)
B =1Giyp — LGt + 17+ 138Gy, (F3g)
p=—3Goypd +1Gort' + 3Gyt — 183Gy, (F.3h)

&= —2Gop+Gort +1bGoy — 3 Gor. (E.3i)

The linearized Ricci relations in equations (E.2) are equivalent to
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+1Gpt? =t — VT + 158Gy +07, (F.4b)
Oy = —Ep +Ep — g/ p+0B +0B, (F4c)
DU, = — Bp—ikp +5t +ét +pp —De, (F.4d)
IV = — LGoupp — p& — p& + it +it' — LGyt — L b Gor
+1pbGoy +b& + 388 Goy — 50 Gor — B, (Fde)
b6’ — 07 = 36"+ p5 — f't' — Bt — 1Giy(2 + Bt + L Gag (Bn + 4 £'F)
—2¢'F — L' b Gay + 15/ 0 Grg, (F4f)
bp—0k=¢cp+ep+2pp —kt — —Glo/(Zp o)t —kt — —G01/ 5t
— 3Goo (2 — pp' = tt) + 32 b Gio — 380Gy + 380 Gor,
(Fdg)
bp +0E= —Gipbr+pp+Et +pt + 57, (F4h)
65 —06=—0W —Fp+pp—ip — LGor(ba+pp —2pp) + 7§
+3Goo (B — BVt + 5t — pE +(p— p) i
+3(p = B P'Gor + 320Gy — 320 Gor + 35 Goy. (F4i)

The linearized Bianchi equations (5.5) translate to

poW, — FOWy = — 33Uk — 3G Wap +40W1 5 + 2Goy Ut — 9 Wot,  (F5a)
2 2

p oW, — W, = 390Ws5+2Goy W/ +3W05—3G 10 Vot — 2Gop ¥t — 200, ¢,
2 2 E5b)
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pows — 09U, = 20W35 — 3G 10 W2 + 3G Unt — 30wt — 33U,  (ESc)

pows — 00Ws = dW4p + 3Gag W +3W26" — 400 W3¢, (F.5d)
poWy — 30w = 3G Wap + 9 Wep + 3926 — 3Go bt — 4902, (E.5¢)
pow — 30w, = — 3GorUap +20W 5 — 30Wst + 3G bt
=39 ' = 3% b'Gor, (E5f)
p'OW, — 093 = 39W, 5/ — 20 W3¢, (F5g)
poW; — 00 Wy = 490W35 — 9 Wyt. (F.5h)
Observe that the 1 dependence of the equations (F.4) and (F.5) can be eliminated by
using (F.2a).
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