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NONLINEAR RADIATION GAUGE FOR NEAR KERR SPACETIMES

LARS ANDERSSON ©, THOMAS BACKDAHL ®, PIETER BLUE ©, AND SIYUAN MA

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 [9] on the Kerr background. It has been shown by Price, Shankar and
Whiting [29] that IRG/ORG are consistent gauges for the linearized vacuum Einstein equation
on Petrov type II backgrounds. In [1] 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 > 0 and a € (—M, M), for (v,7,w) € R x (0,00) x S? and (6, ¢) spherical coordinates
on 2%, the Kerr metric in Eddington-Finkelstein coordinates takes the form

2M 4M 2+ a?)? — a?Asin®
§= (1— T)dv2+zmsin?9dud¢—(r ) E“ sin” 6

— %d#? — 2dvdr + 2asin? fdrde, (1.1a)
Y =r?+a%cos?f, A=r?—2Mr+ad’ (1.1b)

For M > 0 and a € (—M, M), this metric describes a subextremal black hole geometry. As
explained in many textbooks (e.g. [20]), the metric (1.1a) extends smoothly to the set K* =
R x (0,00) x S?, in particular to the north and south poles, and there is a further analytic
extension, extending beyond v = +oo and (for a # 0) to r < 0. The Kerr space-time is of 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 7 (respectively i),
where

sin? d¢?

n= — 0, (1.2a)

;A 2, 2

[ = 5& + ((r* +a®)9y + ady) . (1.2b)
Central to this paper is the following gauge condition:

Definition 1.1. Let M >0 and a € (—M, M). Let § be the Kerr metric on X*, 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

nagab = naéalr (13)

This paper uses the following technical choice of definition of a diffeomorphism gauge, which
is synonymous with a local diffeomorphism. For convenience, we define a reference Riemannian
metric on K* from which we further define, for any & € N, the C* norm with respect to the
reference metric on any subset of X*. It is well known that when dealing with diffeomorphism
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 figure 1.

Definition 1.2. Within this paper,! given a nonnegative integer k and an open set V. .C K*, a
C* diffeomorphism gauge is a map ® : V — K* such that ® is a C* diffeomorphism of V to
its 1mage.

Let (X,Y,I,J,h,U, V) such that: X is a bounded, open subset of R x S%; Y is a open set
such that its closure is a subset of X; 0 < J < I < oo; 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) — I < r < h(v,w) + I},
V={(v,rw) : (v,w) € Y,h(v,w) —J <r < h(v,w) + J}. A diffeomorphism ® is defined to be
compatible with (X,Y,I,J h,UV) if ®(V)CU.

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 g be the Kerr metric on X*, 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 gup is a symmetric (0,2) tensor satisfying
l9—dlck ) < €0, then there is a c diffeomorphism gauge ® such that ®; g satisfies the radiation
gauge condition on V. Furthermore, there is the bound |®;'g — dlev (wivyy < Klg — Gloxnix)y)-

Our other main result is that the radiation gauge condition can be viewed as making the vac-
uum Einstein equation well-posed. We prove this result by constructing a first-order symmetric
hyperbolic system. This involves using the GHP formalism [15, 28] to construct components

1Cleaurly7 outside the context of this paper, a diffeomorphism gauge could be defined between open subsets of
any manifold, not merely X*.
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FIGURE 1. The sets arising in definition 1.2.

of g — g, the difference between the connection coefficients of g and of g, the difference of the
corresponding curvatures, and some additional variables describing differential Lorentz transfor-
mations. 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 section 3. All cal-
culations were done using the zAct suite for Mathematica [25], and in particular the SpinFrames
package [4].

Theorem 1.4 (Well-posedness). Let M > 0 and a € (—M, M). Let g be the Kerr metric on X*,
and let n be a future-directed, ingoing principal null vector.

(i) The vacuum Einstein equation and the radiation gauge condition together imply a first-
order symmetric hyperbolic system for the geometric variables in definition 3.9.
(ii) 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
FEinstein equation.

It is well established that first-order symmetric-hyperbolic systems are well posed in suitable
function spaces [24]. 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 Einstein equation. In
section 4, we apply a residual gauge transformation to further impose a condition on the trace
9% dap analogous to that imposed in the linear case by [0, 29]. In the final section of this paper, we
linearize the Einstein equation in the radiation gauge and show that resulting linearized metric
coefficients coincide with those constructed in our previous work on the linear stability of the
Kerr metric [1]. However, in the previous and current works, we have made different choices in
decomposing the linearized connection coefficients, which leads to a similar but different PDE
system.

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
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Einstein equation. This gauge is inspired by what is called the “outgoing radiation gauge (ORG)”
in [9, 29], 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 [6, 8, 13, 7, 5, 31, 2, 3, 14, 27, 22] and the linearized gravity
[11, 19, 23, 10, 1, 17]. Quite recently, a few works [20, 12, 21] 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 of these principal
null vectors, and an oriented orthonormal basis for the plane orthogonal to them. The GHP
formalism uses spinors to construct the analogue of the Cartan formalism for such bases [15, 28].
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) [32]. Chrzanowski
[9] 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 rotating case, uniform energy bounds and integrated local energy decay has been shown
for the Teukolsky equation [23, 10]. Recently similar results have been obtained using physical-
space methods [16]. In the full subextremal range, decay is proved for bounded frequencies in
[30].

From such results, we have shown that it follows that there are pointwise decay estimates 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 [11]. A significantly different approach to the linear stability problem
was taken in [17].

As a geometric equation for curvature, the Einstein equation is invariant under changes of
coordinate or, equivalently, diffeomorphisms. The freedom to apply diffeomorphisms is called
diffeomorphism gauge freedom. As a consequence of this gauge freedom, for any solution of the
Einstein equation g, any vector field X, and any solution A of the linearization of the Einstein
equation g, one finds that h + £ x g is also a solution of the linearization of the Einstein equation
about g. The freedom to add any £ x ¢ is called linearized gauge freedom.

For the linearized Einstein equation, the radiation gauge can be defined in the following way.

Definition 1.5. Let M > 0 and a € (=M, M). Let U be a subset of the mazimal 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 the ingoing principal null vector on U.%2 Let h be a symmetric (0,2) tensor
field on U.

h is defined to satisfy the linear radiation gauge condition ? if

n%hepy =0, (1.4a)
and to satisfy the linear trace condition iff
G%hap = 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 [9] and then clarified in [29]. [29] has shown that if h
satisfies the linear radiation gauge condition, then there is a linearized gauge transformation so
that h + Lx ¢ 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 [29] shows that for any linearized

2Because equation (1.4a) is homogeneous, the normalisation of n does not need to be specified.
3Note that [29] calls this the n - h gauge.
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metric (i.e. symmetric (0,2) tensor), one can construct a linear gauge transformation so that the
linear radiation gauge condition is satisfied 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.

While it is clear that if one has a smooth family of gauge transformations ®; then the lin-
earization of this family determines a linear gauge transformation %@;‘ h, it is not clear that any
so-called linear gauge transformation genuinely arises from the linearization of a family of gauge
transformations, nor that even, if they did, the family of gauge transformations would have desir-
able 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 condition, and that this gauge gives a locally well-posed Cauchy problem for
the Einstein equation. Furthermore, in section 4, we show that for the full Einstein equation,
there is a diffeomorphism gauge that both satisfies the radiation gauge condition and such that
g™ Gap — 4 vanishes quadratically. Thus, the linearization of this can be seen as satisfying full
radiation gauge of Chrzanowski.

The formalism we use to treat the radiation gauge condition has important similarities with
and differences from the formalism based on principal geodesic structures in [21]. 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 singularities” noted in [21, 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,
we use the background principal null vectorfields lo, n of the background Kerr geometry ¢ and a
foreground pair of vectorfields I, 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 contrast, the two frames used in the principal geodesic structures of [21] 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 exis-
tence 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*®dap — 4, can be made to vanish quadratically, in a quantifiable sense introduced in that
section; this section is heavily inspired by [29]. Section 5 treats the linearization of the Einstein
equation under our gauge choices.

2. IMPOSING THE RADIATION GAUGE CONDITION

This section begins with some definitions to simplify discussion of the geometry in the direc-
tions 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 = —0, generates affinely pa-
rameterized 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.
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Definition 2.1. Let M >0 and a € (—M, M). Let U be an open subset of X* parameterized by
(v,r,w). In the domain of the standard spherical coordinates, define

eo = Oy, (2.1a)
eo = Oy — asin® 00,. (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 X* parameterized by (v,r,w).
If g is a Lorentzian metric on U that satisfies the radiation gauge condition, then

(i) O is null.

(ii) In the portion of U covered by spherical coordinates, e and eq are orthogonal to O,.

(iii) At each point in the domain of the spherical coordinates, if n = —0, and m is a complex
linear combination of eg and eg 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, then
there 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 (vo,wo) € R x S?, the curve y(s) = (vo,s,wo) is a (not necessarily affinely
parameterized) geodesic.

(v) If £ is 3-submanifold of U parameterized by (v,w), and if (0,0) are the restrictions of
(v,w) to X, (é,qﬁ) denote the values of the standard spherical coordinate corresponding
to @, and 7 is the restriction of r to X, then, in the domain of the standard spherical
coordinates, Oy, 0p, 843 eTY CTU satisfy

9(0r,05) = — 1, (2.2a)
g(am aé) =0, (2213)
9(9r,05) = — asin® 6. (2.2¢)

Proof. Unless otherwise specified, in this proof, we work in the domain of the spherical coordinates
and then extend by continuity. Since g,,dz® = (dv + asin®?@d¢), it follows that g(d,,0,) =
Gradz®(d,) = (dv + asin?0dep)(d,) = 0, that g(d,,es) = (dv + asin?0dp)(dy) = 0, and that
9(0r,es) = (dv + asin® 0d¢)(dy — asin®09,) = 0, which establishes the first two claims in the
domain of the spherical coordinates. By continuity, 0, 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 (vp, s,wp) are (not necessarily affinely parameterized) geodesics it
is sufficient to show that §* = n?V,n’ is parallel to n. This is equivalent to 4°n, = 5°my
= 4bmy, = 0. Trivially,

npn®Von® = %nava(nbnb) =0, (2.3)
since nyn® = 0. Before continuing, first observe that the commutator [n, m] satisfies
[n,m] = —[0,,m%ee +m®es]
= —[0,,m®P0p +m®(Dy — asin® 09,)]
= — (0,m®)eo — (0,m?®)es, (2.4a)
g(n,[n,m]) =0. (2.4b)
Now, observe, from the orthogonality conditions and from properties of the commutator, that
myn®Van® = n®V,(myn®) — npn®Vem® = —nyn®Vem?, (2.5a)

npn®Vaem® = 04+ nym®Van® + ny[n, m}b

1
= 5mlava(nbnb) +0=0. (2'5b)
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Observe that cos ¢pdy + ziir;‘g(é% — asin® 09,) and sin ¢dp — Z‘;jg(ék — asin? 09,) form a basis for
the planes they span, and that this combination extends smoothly to § = 0 and to 8 = w. Thus,
the results extend from the domain of the spherical coordinates to all of U.

From the chain rule, one finds 9; = 9, + %&. From this and the fact that 0, is null, it follows
that g(0,, 95) = g(y, D), which is equal to —1 by the radiation gauge condition. This proves the

first equation of (2.2). Replacing 9 by 6 and é, one obtains the remaining two equations. (Il

Proof of the enforceability of the radiation gauge condition, theorem 1.3. To begin we construct
the gauge transformation. In this paragraph (v,r,w) denotes the original parameterization 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 n is null and satisfies the analogue of (2.2), i.e.

g(na aﬁ) = 17 (26&)
g(nv aé) =0, (26b)
9(n,0;) = asin? 6. (2.6¢)

Furthermore, since asin®d¢ extends smoothly to 0 in TS?, the vector field n has a unique
continuous extension from the portion of h(X) covered by spherical coordinates to all of h(X).
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 (—eg,g9) X h(Y) — U. At ¢ € W, define (v™°V,w"*") to be the
value of (0,w) at the unique point p € h(X) such that ¢ is on the geodesic launched by n at
p. (The diffeomorphism guarantees the existence of such a point.) Let J(,new new)(s) denote the
geodesic corresponding to the values (v™V,w"*V) with, on h(X), the initial conditions s = r and
%ﬁl = —n. Set ™Y = s. Thus, (v™V,r"V w"*V) is a gauge choice. In this parameterization,
—0Opnew 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,w) denotes the parameters in the new parameterization. In the
domain of the spherical coordinates, the form A = i,,g = —ga5(9%)dz® can be expanded, in dv, dr,
dé, and d¢. It is sufficient to show that ¢(9,,0,) =0 = g(0r,e0) = g(Or,es) and g(—0,,0,) = 1.
Since 0, is null, clearly ¢(9,,0,) = 0. From (2.6), g(0,, eo) has the desired value on h(X). Let n
denote —0,. Observe that since 0, is tangent to an affinely parameterized geodesic, Vy, 0, = 0.
Observe further that [n, eg] = [, 9] = 0. Thus,

0= g(vnnae@)
=V, (g(n,ee)) — g(n, Voeo)
= Vn(9(n,e0)) = g(n, Vegn)

= (g(n,0)) — 5 Veu (1,1) (2.7

The final term vanishes since n is always a null vector. Thus, g(n,eg) is constant, and, in
particular, since it is initially zero, it remains zero along the entire geodesic. Since [n,es] =
[—0r, 0y — asin®69,] = 0, the same argument applies with eg. Since g(d,,99) = 0, the df
component of A vanishes. Since ¢(9,,es) = 0, the d¢ component of X is asin?@ times the
coefficient of dv. Since [n,0,] = 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 h(X) depends only on the old metric on
h(X), which gives the desired norm property. This completes the proof. (I

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.
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3.1. GHP Notation. In this subsection, we review the GHP notation [15] for connection and
curvature components, which we will use throughout this paper. Appendix A explains the nature
of GHP scalars and recalls the definition of tetrads.

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

k= 1MV 1y, K = m*n’Vyng, (3.1a)
p = mm’Vl,, o =m*mbVany, (3.1b)
o =m*mbVlp, o' = m*m’Vyng, (3.1¢c)
T =m*nVyl,, 7 =19mbV  ny, (3.1d)
and
B= —im*m’V,my — L1°mPVyn,, B = im mPVym, + LmPVin,, (3.2a)
€= — %laﬁzbvamb — %lalbvbna, € = %m“nbvbma + %lanbvbna. (3.2b)

Definition 3.2. Given any null tetrad (1%, n%* m®,m®*) and the Weyl tensor Cgupeqa with respect
to the corresponding metric, we define the Weyl scalars

Uo = 1M meClhped, Uy = 1°m*n?Clped, Uy = 1"mPmn?Clpea, (3.3a)

Uy = l“mcnbndCabcd, v, = m“mcnbndcabcd. (33b)

One of the central results of the GHP framework is that x, 7, p, 0, k', 7, p',0’ and all the ¥,
are properly weighted, but 3,¢, 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 hypotheses are
defined as follows: “Let M > 0 and a € (=M, M). Let gop be the background Kerr metric as
in equation (1.1a) with parameters (M,a). Let U be an open subset of X*. Let (ia,ﬁ“,fn“,ﬁla)
denote an arbitrary element of the set of local complex null tetrads such that [ and 7 are outgoing
and ingoing, future-directed principal null vectors. Let (loa,ﬁa,rha,r%a) 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 hypotheses to-
gether with the assumption that gqp is a Lorentzian metric satisfying the vacuum Finstein equation
and the radiation gauge condition

18 (gap — Gap) = 0. (3.4)

The background and foreground metrics are defined to be §qup and gqp respectively with in-
verses G*° and g7 .

Because (l, 7,1, 1) is used to denote an arbitrary element of the set of local tetrads in Kerr
aligned with (ﬂ 1), 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 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 1 = 271/2(r —iacos 0) ™ (9p + i(sin 6) ' (dy + asin® 69,))
or any other explicit combination of eg and eg.
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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

G2 = m " (gab — Gab) = M1 ga, (3.5a)
G = " (gab — Gab) = 1"’ Ga, (3.5b)
Go = 11 (gab — Gav) = 1*I°Gab, (3.5¢)

¢ = 4" (gab — Gab) = §°°gap — 4, (3.5d)
GY = maring (g7 — §°°) = marnyg™ (3.5€)
G = lari (g7 — §) = larnpg ™’ (3.5)
G = I, (g7 — §°) = I l,g7*, (3.5g)
G = Gan(g® = §°) = Gurg™ " — 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 coefficients vanish
by the radiation gauge condition. The set (Gf , Gf GO#, $#) can be algebraically computed from
the set (Ga, G1, Go, %) and vice versa via

Go

G#F = _— , 3.6a

N TR (3.6
(1+ 5¢)G1 + G1Go

G¥ = — 2 , 3.6b

N v TR (360)
2(1+ 1@)G1G1 + G2G1? + G1%Go

G¥=-Go— 2 3.6

’ ’ (1+ 3¢)? —|G2P? 7 (3.60)
1 1

¢ = + ~2, 3.6d

1—|Go| +2¢ * 1+|Gs|+ i (3.64)
G#
Gy = — 2 , (3.7a)
(14 5¢7)2 — |GF P
. 2
¢ - _ +3Enct +ciot (3.7b)
(1+5¢7)2 — |GE P
st _ _
Go— — Gt - 201+ 3¢MV\GfGY + ¢ af? + afray (3.70)
— 0 ) °
L+ 5672 —|GE
1 1

(3.7d)

= —+ —
1= 1GE [+ 36" 1+ |G|+ 567

3.3. Frame choice. Given the set (G;‘Jﬁ7 Gf&7 Go#, $#) 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 n%, we choose to keep it also for 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, ¢)-weight (0,0) and a complex parameter ) with (p, ¢)-weight
(2,0).

Remark 3.5. In principle one could instead demand that n® is merely proportional to n*. Doing
this would introduce a real differential boost parameter p to the group of Lorentz transformations,
so that n® = uflna However, as we later would like to set the € = € — u~1€ to zero, and we

find that & +& = —p~'p'u, we conclude that p =1, i.e. n® = n® is sensible.

Definition 3.6 (Foreground frame). Assume the vacuum, radiation-gauge hypotheses of defini-
tion 3.3.
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A choice of differential Lorentz transformation variables is a choice of (v,n) with (p,q)-
weights (0,0) and (2,0) respectively.

Assuming a choice of differential Lorentz transformation variables, define the foreground
frame to be

4 o #
_ 7 1 # nG3 v — o # € nG3 ns =

1 =1+ (nq + 3G§)n® — (Gl + e F e’ nc#)ma — (Gl + 2 FE v )ma, (3.8a)

n® = {4, (3.8)

) il/G# Sa

zug#,fha o € 2 M

a __ °q
m-=nn +e .

(3.8¢)

along with the auxiliary variables

¢ =3\ 1= |Ga| + 3¢ + 5\/1+|Ga| + 3¢, (3.92)

o = 11— GE |+ 3¢ + 11+ (6F |+ LaT. (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 gqp, i.e.

gt = 21lant) —omlam?), (3.10)

The corresponding co-frame is

B o Iekia Z‘I/—EG# EG# )
za:lﬁ(m—,f%G#%wﬁGﬁin 1s_ e"nGyGrs  nGy 2<) .

eiu 2§#2 2@ng#2
# iufi#
i NGy \ . ns  enGyey <
+ (ezl/n§ + 26Z_V§#2)ma + (e’biv + T:#;)ma7 (311&)
Ng = N, (3.11Db)
evGEGT N . A evG¥¢ .

My = (77 — ei”?fg — )na + e"smg + (3.11c¢)

S 72 gz M

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

& = Gapg™ ™ — 4, Ga = gapym®m®, G = Japl®m?, Go = gal®l®,  (3.12a)

$# = gabgab —4, éqj = éabmamb, éfﬁ = éablaﬁlb, é# = éablalb. (3.12b)
Unless otherwise specified, define metric coefficients to be the foreground metric coefficients.

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

~ 2c# ~ 473
G* == *2+4§#2*T7 ‘G?F = ‘G2|2:4€#4*T, (3.13a)
~ 2 ~ 4¢3
— 7 = 94432 - 2 Gol?2 = |GF12 = 4¢t — 2, 3.13b
¢ = = Gaf? = 1G] = (3.130)

The relations between (é‘, Go,G1,Gy), (é?#, éf, éf&, G‘#) follows the pattern (3.6). Given v and n
We Call eXpress the sets (@a é?, éla GO)7 (G#v éjﬁﬂ éf? é(:l)%), (GQ#a Gfﬁ’ Go#a $#) and (GQa G17 G07 $)
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in terms of each other. For instance

. Go
GY = . (3.14a)
~u G Gy GiGacH
# 1 1 2 1G2
=3 = 14
Gl et 27]@ + e2iv 26“’§2 ’ (3 b)
. o NG , ——  G.G # GG
Gé# — Go — i + 2V %Gy + 77%12 + it <2G1 I 22 1) i ley (2G1 " 12 2)
e S e S
o2 o A2 A2
T (2+@)G1G1 + G2Gi* + Gi°Ga), (3.14c)
Qv (A2
Gf = - % (3.14d)
o ) iv G Gt # wpGH(# 4
Of = =G # 4 en(e* ) - g 2252 2 (3.14e)
Gf = — G +mGY + 20GY — n*GY — P GY + ¢ (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 perturba-
tion, because several of the background components are non-vanishing. Furthermore, 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 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 compensates 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

5 eiuG;‘#é/ .

B=B—eFp— 5 e, (3.15a)
# 5 /

g =p - % — g:%f — qé’, (3.15b)
e=e—e+(GF+ 225?# eig#)6 - (6F + 61;275# - "j)é’ + (g7 + LG, (3.15¢)
é=é-¢, (3.15d)
k=K, (3.15¢)
R =K, (3.15f)
p=p—p (3.15g)
p=p-7, (3.15h)
& =o, (3.151)
&' =0, (3.15))
T=T-—T1, (3.15k)
Y (3.151)

Define the differential curvature coefficients as
Uy = W, U, =0, Uy = Wy — Wy, Uy = Uy, Uy =0y (3.16)
The geometric variables are defined to be

u :(777 v, GQ#7 $#7 G#? éo#a &/a ﬁ/77:/7535/7 ga ﬁ7&7 I’%a ijOa \1~117 \1127 @3; \I~]4)T-
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The differential variables are chosen so that they are properly weighted with respect to the
background tetrad. This may initially seem surprising, since B , €, 50/ ,€ are not. It may be helpful
to recall this is similar to the fact that the Christoffel 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 dif-
ferential 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 coeffi-
cients. This would have been impossible if they were properly weighted under the differential
Lorentz transformations.

Definition 3.10. Assume the vacuum, radiation-gauge hypotheses of definition 3.8 and a choice
of differential Lorentz transformation variables.
Define the foreground GHP operators acting on a (p, q)-weighted scalar ¢ to be

. ) . a# o i — evaGE et .
bso:b<p+(n77+%G#)b's0—(Gf+ e n<#)5<p—(G?&+ T 0 )5’

2ew# 26# ew
— pép — qép, (3.17a)
bo=Pbo+pio+q@y, (3.17D)
o » o eiuﬁélw ~ =
dp=nbp+e <#5¢—#—pﬂw+qﬁ’w7 (3.17¢)
. Gidy H*dyp = .
0'o =1b'e — 25%# + > —aBe+ e, (3.17d)

where f), 109', O and &' are the classical GHP operators 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 fore-
ground 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 coefficients are
eliminated (in addition to x’, 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

. .T#~/ . NH=7
7 B - 1GT o 1GT o’
prv=— 2—<(<# - =0+ 42? - %@’ (3.18a)
n = o ~ = ° ; ° E#C 7:
b'n=B-p+np +p)+n5 —7+e"Hi+ 22%2 (3.18b)

Lemma 3.13 (Structure equations). Assume the vacuum, radiation-gauge hypotheses of defini-
tion 3.3 and frame-gauge hypotheses of definition 3.12.
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The structure equations take the form of a transport system for the metric coefficients
b + 4 +20 — §)GF = 2+ ¢H)& (3.19a)
(b + 7+ P)* = — 25 — 27 + 2GH & + 2GFF, (3.19b)
(b + 7 +5)GF =27 — (G#G#g + 26+ 207 ()~ ) — 02+ ¢F)p - GES
- N - B o eiué#;/
FnGE )+ g G A7) G T )
+2(1 — ge™ )7, (3.19¢)
PG = — 26— 2%+ (B*GY +7PGE — 2+ EH) (5 + )
— (GfGF —2mGE G + G — G2+ @) (i — i)
+e G + GFGEH T+ 7GE T — o) — 2GE (F 4+ 7+ 7)
e (Gt + GEGE TR h G < 2007 — 2GF (7 4+ T+ 7),

(3.194d)
algebraic relations for the spin coefficients
#=0 &=0 F=0, (3.20a)
PR il <)<(,5’ -7 (3.20b)
C(GEF -Gt — s+ 2t (Y - B | GEH

f-p = — 7 4 (e —1)7', (3.20c)

S 267:V§2
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 = 397 U(Vigea + 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=—1im b (=T yme + Vamy) — %l“mb(—fcbanc + Vina), (3.22a)
B = Lmmt (~Tame + Vymg) + 210m° (~Tan. + Vina), (3.22b)
e = — L9mb (T pme + Vamy) — LU (~T0ne + Viny), (3.22¢)

¢ = Lmnb (~Tpume + Vyma) + 2100 (~T%an, + Vina), (3.22d)
k= 1"mb(— Tuple + Vo Iy), (3.22¢)
K = mn?(—ICpane + Viyna), (3.22f)
= mm®(~Tale + Vila), (3.22¢g)

P = mmb (=T wne + Vany), (3.22h)
o = m*mP (=T wle + Valy), (3.22i)
o' = mm®(— T¢ane + Vbna) (3.22j)
7 =m0’ (~T%ale + Vila). (3.22k)

7 = 19 (=T uyne + Vany). (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 f“bc in terms of the metric components
(Ga,G1,Go, &) or (@'#,G;ﬁ,éfﬁ,é#). See (C.1) below for explicit expressions. Putting it all
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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

1 - # ] Gos®2p'G;  Gac#2 PG
~ 2?( #_Op —F) S 4b§$ (2#c — 1) + 2§4§21> 2 2§4g213 2. (3.23a)
e ) i e -
T = 262il/§(p =)= ictv2 T geriwad T T gerw (3.23b)
This is equivalent to
. ., 2G
P = — 2+ E)F +7)+2¥ s’ + 225 : (3.24a)
° 3, o ~ =5 iv G2
b/G = G2(pl _ p/ _ pl _ p/) + 282 §20'/ + 26274_V§27 (324b)
= 4 1 oz
P=0= (=90 = ). (3.24c)
Similarly, we get
oo _EFH L EFY Lty Gas# P'Gy  Gas# P'Ga (3.250)
8¢ 8¢ 2 1663 1643 '
1 oo €G! Gad! e
Z(c# —o)(p' —=p) - 52 g2 Lip'v. (3.25b)

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 éf, 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 G and % to get (3.19a), (3.19b) and (3.20b). A similar calculation for 7/
yields the following after reduction with (3.24)

B o/ 4 2 ~/ 4 2 G1§#5/
7 = (G1Gas™ + 4€ijc? 4+ 4G 7 ¢%) + (Gngg +2e™iie? 4 2G4 67 6?) —

46“’ Apiv 2 2¢ zu 2 2eiu
o’ v v G 7 7_— #
2 55 ( GQGlC + 2’I7C + 2e G1§ ) + Ie w (C + §) + 2tV (§ - C)
o Gs7' Gos* PG # PGy

— ——(2e" — ¢ — 4 # , — 3.26
2611/( € N §) + 4€“’§2( C) + 46“’(2 etV ( )

This equation can be used to solve for ];’Gl.
Similarly 7 can be expressed as follows after substitution of the expressions for b, p’'Ga,
p'G1 and b'v above

- et #2 o 5 . - _ "Gy # _ ) _
T 2g3 (G2G1 +2Gh?)(p = p') — (28 =/ = §') + 75" + ng(r +#) -7
A (3.27)

In the frame-gauge hypothebeb of definition 3.12, equation (3. 18b) was chosen so that 7 = 0. This
gives an expressmn for ]9 1. Using this in the expression for G1 , we can derive the evolution
equation for G¥ | i.e. (3.19¢).

Using all the previous relations, one can express /3’ — B’ as

# (2% #.20
- = S P— — o 3 e GasT T
BB = = o5 (TG + 26 + 26V CIF ) (= ) + #

T3 eVHR,
(3.28)

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

E+é=—1PGo+... (3.29)
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where the dots indicates an expression depending on G, G, @, &', 7, 5’ and the background spin
coefficients. Translating this to the GZ# variables, we get (3.19d).

Similarly, one can express 4+ 3’ and € — € to obtain (D.la) 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 &. 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. U

3.6. Ricci relations.

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

B =4 =0 =7 —§)e =, (3.30a)
(b —20' = )i = &', (3.30b)
B = =) =T+ (F -7 +7)" + 5 (-7 +7), (3.30¢)
(b = p =B = =5 + (1= e"H) + (T, (3.30d)
— anm = a, GEE .
(=7 = F)B = — B3 — 2 ', (3.300)

~ 4 ~ < oI\ D G# i of o o ~
pée= — Uy + (F —F+7)B3+ (qu‘iﬁ + 2Zi”§# - e“’ﬁg#)p’T + 77
+R(F—F -7, (3.30f)
/ = S\ ~ = o= ~~) = I\ o of o G#,}’_2 §# S/ o
(P =0 =p)p= =Vt pp +06" + (B+B)7T+20p'7 - Do E (1—63)?%,
(3.30g)
o ~I\ ~ o ~N\N=7 Py S o of o ! o eiuﬁ%’,}’_
(b = p =55 = (p+p)d" — (B+ B+ 2np't — (1 —e#)7? — k##’ (3.30h)

Pri=—U1+F —F+7)p+ (F —7+7)5 — (- F + (207 + G )p'+

# iv = v #
_ # nG3 v #)ez oT,_( # € nG3 s ) S/ o
(Gl + 2eivcH# €Nt )T A pT G + 2c# eiv 97,

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

. o Uokq/ _
37 =10, - 22“1 + o — pp + (3.31)
K1
where
1 )
K1 = — g(r —iacosf). (3.32)

Proof. To prove these relations, we begin with the Newman-Penrose (NP) version of the Ricci
relations equations (4.11.12) in [28] for both the foreground spin coefficients and operators. The
foreground spin coefficients can then be written in terms of the differential 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 operators, 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 relations. 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).
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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 =Ws+ B —B'd +5p — o’ — o't — T+ 5€. (3.33)

Translating to the differential spin coefficients and expressing the foreground NP derivatives in
terms of the background NP derivatives when acting on background spin coefficients, we get

AR =g+ BE + e WeHBE + &)+ Le GEATF(E + &) — BT — (B +7¢)E + BT + ¢
B - Be — 6t —F - EF— &7 — e VGEH TN AR + 6¢) — e H (AR — 0¢)
— B(e*E + eV HFTIAGY — LeTVGE T H TIAT +idv —F —EF 4§ + )
+ B (e H (D —F &+ T+ ) - %ei”Gifg#_lé' — e M AGH)
+&(B—nd —2mE + 77 +7p + 05 —F — 7 — A7), (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

DB =Us+B5 + B0 — 5 + 3Gl HT -5t -5 —dF T+
+ & (B =B +0E + 08 + 07 +7F + 05 + LV CEFTF —F—F e HF —P'n)
+ B/(e—iug#g/ . e—iug#?_’_ e—iyg#ﬁ_i_ %e—iuajg#g—Q&/ + ie—in# b/V e PIC#)
+B(—eHe + e H T2 GY + $eGY D < 4 LG H (@ T+ 5 -
— 7 +ibv—21p)). (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 non-properly weighted equation. The other equations can be derived in the same way. [

3.7. Bianchi system.

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

0= (b —4p—4p) Ty — (8 — 7 — #) W + 3(¥2 + Vy)F, (3.36a)
0= (b —3p—3p)Ts — (3 — 27 — 27) Ty + 237 — 3Wop + 3 (207 + GF ) Wap — Vo5’

# v # #
_ w . NGT  a #\g e 7 evnGy TN
3(G1 + 2€iV§# €S )\IJQT 3(G1 + 2§# oiv )‘I’QT, (336b)
= s s . . 3G Uyt
0= (b —26—2p)s — (0 — 3¢ — 37 )Wy + Wsfi — 3oy — 2015 + 2627;]
ST o
n 3(1 - ej)%r’ + 30,7, (3.36¢)
0=(p —p—p)Uy — (0 — 47 — 47" )Wg — 3(Vy + U,)5", (3.36d)
0=(p' = p — )Wy — (3 —47)¥y — 3(¥ + ¥)5, (3.36¢)
~ ~ ° - X . 3 7,1)&@ o/
0=(p =23 — 270y — (3 —37) Wy — 30y — 2Ws5 + 3(1 — eV #)Wo# + %,
(3.36f)
0=(p =35 — 37Uy — (0 —27)W5 — 3y — 0,5, (3.36)
0= (b —4p —4p/) V3 — (6 —7)Ts. (3.36h)

Here Gf& can be interpreted in terms of G’f via (3.14).
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Proof. A direct translation of the standard GHP Bianchi identities in [15] to our differential
variables gives the relations (3.36). Here we have also used the background type D Bianchi
identities to handle the derivatives of Ws. ([l

Remark 3.16. [t is important to note that the full set of equations, i.e. the evolution equations 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 equa-
tions. 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) [32]

(V' =49 —4f —F = )b —p—p) — (0 —F — 47" —47")(D — 7) — 3(Va + Uy + 55")) U4

= 4030 — 7 —7)6' + 456" U3 — 10032, (3.37a)
(b—4p—4p—p—p)' —p -p)—O -4 -7 —7)O@ -+ —7) - 3(Uy 4 Uy +66")) ¥
= 40 (P —F — §)R+ 40, (D — F)5 — 4R DT, + 453 T; — 100, 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 vac-

uum, radiation-gauge hypotheses of definition 3.3 and frame-gauge hypotheses of definition 3.12.
Let (t,z,y,2) be a real coordinate system such that constant t hypersurfaces are spacelike.
The differential curvature components satisfy

Uy Yo
Uy Ty
B'o, | Uy | = = > B9 | Wy | +F (3.38)
\ifg i€{z,y,z} \ilg
Ty T,

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

nt3n? —nt3m? 0 0 0
3t nt3li 4 [tpt2pn Itnt2m 0 0
Bl = 0 —[tnt2mi Int2lt + 12ntn —["2ntm! 0 Vie{try,z}
0 0 _thntmi lt2ntli + ltBni _lthi
0 0 0 —t3mt 13y

(3.38b)

Proof. Consider the components of the foreground frame in terms of the coordinate co-frame,

i.e. It =1%(dt), etc. The spacelike nature of the hypersurfaces means that the co-normal (dt),

is time-like, i.e. 0 < g#(dt),(dt), = 2l'n' — 2mim!. In particular, we get I‘'n® > mim?® > 0.

Furthermore as we assume that [ and n® are future pointing, we get that I* > 0 and n?* > 0.
We can write (3.36) in the form

—mt 0 0 0

0 —-mt It 0 0 ¥
0 0 —mt It 0 @0
0 0 0 -—mt I -
nt  —m! 0 0 0 O [ L2
0 =t —mt 0 0 Vs
0 0 nt —mt 0 ¥y
0 0 0 nt —mt
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mio -l 0 0 0
0w ' 00 ¥,
0 0 @ I 0 0
0 0 0 m I -
= 2 | om0 0 o |0|¥%|tle
el g im0 0 s
0 0 -ni m 0 Yy

0 0 0 —-nt m
where [.0. denotes a function of the geometric variables 1 but not their derivatives. The corollary
follows from multiplying this by

0 0 0 0 a3 0 0 0
nt3 0 0 0 0 ['nt? 0 0
0 I'nf2 0 0 0 0 I"2nt 0
0 0 Int 0 0 0 0 I3
0 0 0 I 0 0 0 0

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

The system (3.18), (3.19), (3.30), and (3.38) forms a first-order symmetric-hyperbolic system

for the geometric variables u, and where G; and ¢ are gwen in terms of the geometric variables
by equations (3.14) and (3.13) and where ¢ and * are given by equation (3.9).

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

Awfou= Y AW'ou+F(u), (3.39)
i€{x,y,z}

where Af and A’ are Hermitian matrices, where A? is positive definite, and where Af, each A?,
and F are functions of u and u. 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 b’y = f(u) can
be written in coordinates as n'Oyp = — Zie{%%z} n'd;p + fa(u), where fy is constructed from
f1 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'p = 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 nt > 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 BY are 41'®n'8(I'n' — mim®)(2l'n" — mimt) > 0, I"n'8(1*2n'2 + 6l'nt(I'n’ —
mtm?) + (Itnt — mtmt)Q) >0, lt2nt8(ltnt +3(I'nt — mtmt)) >0, n'%(2l'nt —mtm?) > 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.

~ ~H#
The geometric variables u include the foreground metric coefficients GZ‘iE and & and the
differential Lorentz transformations v and 7. From these, the components with respect to the
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background metric G# and (& can be calculated using equations (3.13) and (3.14). From these
and the background tetrad (l, 1,7, M), the original metric gq, 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 7. On the one hand, the initial data for the Einstein equation launches
a unique solution of the vacuum Einstein equation. From the results in section 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 hypotheses. 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 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 us.
Since u; and us 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 u; 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 corresponding 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. 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, commute the b’ inside, use the
evolution equations, and again the constraints, one finds that the constraints propagate.

Remark 3.21. If one is given initial data only for the metric coefficients, v and n, 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 n 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. 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 appropriate
sense. The initial data part of the differential frame gauge can be fixed by choosing the initial
data for v and n. 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 n to zero is also possible, but it will not stay quadratically small
during the evolution. An alternative is to set the initial data for n so that the initial data for B 18
quadratically small. This has the advantage that B will stay quadratically small. For details see
section 5.4.

4. IMPOSING THE TRACE CONDITION

This section can be summarized as follows: Price-Shankar-Whiting [29] 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 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.
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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 vac-
uum, radiation-gauge hypotheses of definition 3.3. Let k' be a sufficiently large integer and let
(X,Y,I,J,h,U, V) be as in definition 1.2 for a diffeomorphism.

There exist e > 0, k > k', and K > 0 such that if gup s a symmetric (0,2) tensor gap
satisfying the vacuum Einstein equation and |g — glcr ) < €0, then:

(i) There is a C* diffeomorphism gauge transform (U,V,®) such that |®;1g — Ilew (nevy)
< Klg — gleknixy), and &g satisfies the radiation gauge condition on V.
(ii) Furthermore, ® can be chosen such that

19°(®19)ab — 9™ Gabl v vy < K19 = dlen - (4.1)

4.1. Review of the linear radiation gauge condition from Price-Shankar-Whiting [29].
In this subsection, we review the results of [29] on the linear radiation gauge and linear trace
conditions as well as the ORG, which appear in definition 1.5. The radiation gauge in [29] 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 [29] show
these results hold in the wider class of metrics.

To explain the linear theory, following [29], we introduce the Held integration technique first
described in [18]. We have re-derived all equations and made slight modifications 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 a° 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 L ®[X](s)(p) = X and ®[X](0)(p) = p; for sets S and P of R and the manifold
respectively, define ®[X](S)(P) = Uses,pe p®[X](s)(p). For a spinor a defined on a hypersurface
3 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)(X), which we will denote by a°. For Held spinors defined on an open set,
the operators f)o, 30, and 0'° are defined to be

» plap  qlap . #dp Fe

by = - 20 2p b iy 9 (4:20)
5/ >

. o)

gop= -2 22 (4.2b)
o p

. o O

6/0(,0: _ qpo/(p +57§0 (42C)

For a spinor « defined on X, the operator f)o denotes the operator defined by extending a to a°,
applying f)o, and then restricting to ¥ again. For a spinor a defined on X, the operators 9° and
9'° are defined analogously. Note that, when acting on Held spinors, the operator b’ commutes
with 1090, 807 and 0'°,

The following lemma encapsulates the key results of [29] regarding the linear radiation gauge
condition. Equations (4.3) and (4.4) correspond to equations (15) and (23) of [29].

Lemma 4.2 (The linear radiation gauge condition [29]). Let 0 <11 <12 < 00 and vy < ve. Let
the background hypotheses of definition 3.3 hold with U = (r1,79) x (v1,v2) X S

Let hqp be a symmetric (0,2) tensor that satisfies the linear radiation gauge condition of defi-
nition 1.5. Let € be a vector field.

(i) The tensor field hqp + LeGap satisfies the linear radiation gauge condition if

P = —&a(F+#) —&a(F +7) — b, (4.3a)
b'én =0, (4.3b)
Pén = — &np — &af — &, (4.3¢)
Pés = —&ad —&ir — 0. (4.3d)
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(ii) The general solution of (4.3) is given in terms of arbitrary Held spinors f;’, 2 Eos &

by
£t €7 1 by Wy f—'%') 1 (Ls 1 ) Poce 7908
f 5 + + o & 2/ 25/2 + /3/5/ 2\ bo&, — Pl 5/ ’
A4a)
&n = &35 (4.4D)
£O §O </
Eﬁ’b = gna (44C)
4 4
% o
o= oy 5"0,7 — e, (4.4d)
The approach of [29] 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 d}#, S0 it
satisfies a linearized version of (3.19b), the linearization of which is a transport equation driven
by the linearization of p’. In turn, g’ 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 f o Sz &5, Furthermore, § % &5, can be chosen so that the linear trace condition
holds

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 terms of a° and b°.
A linearized gauge transformation takes hqp to hqp + LeGap. Thus, to impose the trace condition,
it is sufficient to be able to specify 55“1’@(&&,). As noted in [29], this trace is given by

IV () = —&alp+p) — &7 + §) — &5 — e, (4.52)

Assuming that £ satisfies (4.3), the derivative along n can be calculated as

D(G7V (&) = & (Ba + By — 255') — &(3% + §2) + 26 p' 7 + 265,57
F(§ )bl — (§ = )05 + 00 + (5 — ) 0Es + 0D (45b)

Applying the general solution of the linear radiation gauge condition and further calculation leads
to the pair of equations

B GV (a8 D%V (o))
4/‘61/231/ 4I<61,5/
= o€y +15°¢3, + 1 9°¢3,, (4.6a)
P(G*V (ubr))
4k 22
__ ¢o 1 5055/0 ¢0 1 24/0250 ¢0 (Hli"%l’) 5/0 0 50 0
=¢j —50°0°; —50°0 €ﬁ+Tlpo,(6 & —0°€5)
50

2p/2

m’

(k12 + Ry %) + (k1 + R1/)

(k1 _/‘51’) g° V( fb)
4Kk12R1 0

(K1 +FR1) — (k1% + R1?)

( Ty + Uy + 255 — 277 ) (4.6D)

where the Killing spinor coefficient %1 is given in equation (3.32). The right-hand sides of these
two equations loosely correspond to the quantities a® and b° from [29]. Set {3 = 0 and £ = 0.
Set &2 to satisfy the analogue of (4.6a) where g“b@(afb) and its f)/ derivative have been replaced
by % G%hgp and its 109' derivative on an initial hypersurface X. In a similar way, set 5;3 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 hap + Legap and
the f)’ derivative of this trace both vanish on the initial hypersurface 3. From the second-order,
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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.

We assume the hypotheses of the theorem and initially consider what can be uniformly con-
trolled. By taking k sufficiently large with respect to k', there is a constant K such that
| Riem [g] — Riem [g]|cw 1y < Klg — glow@). In this case, we can take k = k' + 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 — g|cx () and, for an exponent p, the notation a =  + O(g?) to
indicate that there is a constant K, possibly depending on the open sets and regularity constants
k and k', such that o — B|cw ) < Klg — §|ICJJ”C(U)' We use « is O(eP) to mean o = 0 + O(eP).

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 section 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 C’kl(V) norm of the geometric variables depends on the choice of V. The regauged noncur-
vature quantities satisfy transport equations that are driven by both the regauged noncurvature
quantities and the regauged U;; the regauged noncurvature quantities are determined by this evo-
lution, while the ¥; can be viewed as being calculated from the curvatures Riem [g] and Riem [§]
in the original diffeomorphism gauge and from the regauged foreground tetrad, which is deter-
mined by the regauged differential 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, h(X), it is
possible to pass to a subset h(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
\ili remain ¢ small.

The third subtlety is that, a priori, the C*(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 the regauged ¥; are controlled by the corresponding norms of Riem [g] — 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 g and again
use the notation a° to denote that « is a Held spinor.

Step 2: Define £. Set £, = 0 and £2, = 0. Set £ to satisfy the analogue of (4.6a) where, on
the initial hypersurface h(X), the quantities gabﬁ(avb) and its b’ derivative have been replaced
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by %é“bgab — 2 and its b’ derivative respectively. 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 given in equation (4.4). This has been chosen so that the trace of
Jab + L¢gap and the b’ derivative of this trace both vanish on the initial hypersurface h(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
D[£](s)(p) denotes the flow along &, and that this defines a local diffeomorphism. For simplicity,
denote by ®; the diffeomorphism such that ®(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 — g are O(¢), it follows that ®7g is also O(g).
Since ¢ and g — ¢ are both O(e), it follows that Legap — Legap is O(e?). From the Price-
Shankar-Whiting lemma on the linear theory, it follows that £¢g,, satisfies the linear radiation
gauge condition, so n®L¢gqp is O(e?). Similarly, on the initial hypersurface h(X), the vector field
¢ was chosen so that §*°L¢ (g — §)ab and its b’ derivative vanish. Thus, on the image of h(X), they

are O(¢2). From the transport equations (3.19b) and (3.30b) satisfied by ¢* and 7, 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(£2). Since the initial data is O(e2) on the image of h(X), this

means that Q}# remains O(g?). Thus, §**®%g., — 4 is 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 ®5 such that ®5(®3g)
satisfies the radiation gauge condition. From the previous step, we know that ®jg is already
very close to satisfying the radiation gauge condition. In particular, following the proof of the
enforceability of the radiation gauge condition in section 2, one observes that the size of ®5(®5g)—
@7 g depends not on the size of all components of ®]g— g, but only upon the size of the components
of n%(®%g)ap. From this, it follows that ®3(®%g) — ®%g is O(e2). In particular, g*°(®5PFg)as — 4
is O(g2). Defining ®* = &% o &%, one obtains a C*¥ diffeomorphism of V' to a subset of U. This
completes the proof. O

5. LINEARIZATION

5.1. Definitions of linearizations. To avoid ambiguity, we introduce two notions of lineariza-
tion that are relevant for this paper. The second is a specialization arising in the case that a
quantity vanishes quadratically under a gauge transformation, as occurs in section 4.

Definition 5.1 (Direct linearization). Let A be a system of order-m partial differential equations®
for a set of variables u. Assume that u = 0 is a solution of the system A. Assume that all the
coefficients in A are functions in u and smooth around u = 0.

The direct linearization of A is defined to be the system constructed from treating all terms
in A as functions on the m-jet and then replacing each term by its first-order Taylor expansion
in the m-jet variables.

The variables in the m-jet in the linearization will typically denoted by the original variables
with a dot above, e.g. 1. In some cases, we will consider the direct linearization as constrained
to satisfy further linear equations.

Definition 5.2 (Linearization under a gauge choice). Let (M, g) be a semi-Riemannian manifold.
Let U be a precompact open subset of M and V' a precompact open subset of U. Let A be a system
of first-order partial differential equations on U for u. Let ® be a family of diffeomorphisms
depending pointwise on u.

A quantity ¢ € u is defined to vanish in the linearization under the gauge choice ® if
there exist g > 0, k > k', and K > 0 such that for all ¢ < g9 and ® such that | ®||cx ) < €, the
diffeomorphism ® maps from V to a subset of U such that ||(p*(p||ck’(q>(v)) < Ke?.

The linearization under the gauge choice ® of A is defined to be the direct linearization of
A with 0 substituted for all the quantities that vanish in the linearization under the gauge choice.

4This includes the case, for m = 0, of algebraic systems.
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5.2. Scalar linearization. The linearization of the systems considered in section 3 can now be
computed. Recall that section 3 constructed a first-order symmetric hyperbolic system for the
NP scalars defined in that section. Hence, we refer to this linearization as the scalar linearization.

Theorem 5.3 (Scalar linearization). Assume the background hypotheses of definition 3.35.

The direction linearization of the relations between the different versions of the metric compo-
nents yield

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

b = Lig(p — 7). (5.22)

b= — B +np +ivF — L@F + 1Go7, (5.2b)

PGy = — Gopf + Coff + 25", (5.3a)

PG = -2 + ), (5.3b)

PGy = — 27 — 2G4 f + Grp — Gaf + 347 + 207 + 27, (5.3¢)

PGy = — 26— 26— 2G17 — 2G1 7 — 207 — 207, (5.3d)

p'6 =Wy + 35 + po, (5.4a)
b =247, (5.4b)
1317;_/ _ \1,3 _ 5'/70' _ ﬁ/7?_ + pll7o_/ + po/7l_/ + 6_/7?_/7 (5.4C)
b= B —ivp't + 1yt + i (5.4d)
BB = s+ BF + LCaiF — 6%, (5.4e)
pé= — Uy — 77— G 7+ B(—F+#)+ 77 + (7 = 7), (5.4f)

Pp= — o+ pp + pp + B + 7 + 209 + 1Ga??
i

e S i@ (Do) — WoRy + 261 (9 — pp +77)), (5.4g)
1

D& = {6+ po' — BF — 7 + 207 + 107 — L

G ° s oo I oo
+ ﬁ (\Ifgm — Woky + 2k1(pp — pp’ + TT’)), (5.4h)
1
Pi= — Wy — & + & — jt — Gopl + 7172 + i + 6(—7 + )
I ° s oo o3, oo oz, . AT .
+ — (1 + G1) (War1 — WaRy + 261 (pp" — pp' + 777)) + p7/ + p7’, (5.4)

2:‘<61
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103\1’1 73“1/0 = 73&121%+4\i/1f)7\11076'/, (55&)
103\112 — 3,\1’1 = 3\1’2[3 + 3&/2[) =+ %Go\i/Q,é/ — 35&1270' — 3G1\i/27°' — 377&/270'/ — 351&1270'/ — 2\11170'/7
(5.5b)
bWy — 8"y = 2Wap + 37Wap + 3CaUot — 3in Wyt — 3¢, — 30,7 — 30,7, (5.5¢)
pUy — Wy = Uyup+ 30s5 — 4057, (5.5d)
Py — 00 = o + 30a5 — 40, 7, (5.5¢)
POy — 80y = 3000 + 201§ + 3inWy7 — 3¢b,F — 30y7 + 3G Uy, (5.5f)
Py —0Ws = 3Wyp + 3Wyp — 207, (5.59)
Py — 50y =403 — Wyt (5.5h)

Under the gauge transformation in theorem 4.1, the linearization is such that G =0.

5.3. Tensor linearization. There is another approach to linearizing the Einstein equation with
the radiation gauge condition. This involves linearizing the equations for the metric g and other
tensorial quantities. We refer to this as tensor linearization.

One of the central motivations for this paper is to construct a gauge condition for the Einstein
equation so that its linearization is the linear radiation gauge condition and, furthermore, to make
a more restrictive gauge choice so that its linearization is the full radiation gauge of Chrzanowski,
which has long been studied by, for example, [9, 29]. We have previously considered some of the
consequences of the full radiation gauge of Chrzanowski in [1]. We encapsulate these results in
the statement of the following theorem:

Theorem 5.4 (Tensor linearization). Assume the background hypotheses of definition 3.3.

The direct linearization of the radiation gauge condition (1.3) for a metric g is the linear
radiation gauge condition (1.4a). In the linearization under the gauge transformation in theorem
4.1, the full radiation gauge of Chrzanowski of 1.5 holds.

Consider the system consisting of the definition of the connection, the definition of the cur-
vature, the Bianchi relations, and the Einstein equations for the difference of metrics g — g, the
tensor T’ being the difference’® between the Levi-Civita connections for g and §, and for the differ-
ence of the curvature of g and g. The direct linearization of this system constrained by the full
radiation gauge of Chrzanowski together imply the system constructed in [1].

The quantities in the scalar and tensor linearizations can be related. On the one hand, one can
take the variables in the tensor linearization in our previous work [1]. On the other, one can take
the variables in the scalar linearization under the gauge transformation in theorem 4.1 as give
in theorem 5.3. Most notably, in both the linearizations, the perturbation of the trace vanishes.
Because the paper [1] is a tensorial linearization, it works solely with the background frame. The
quantities appearing in our previous work [1] can be related to those in the current paper via the
following table assuming that the trace condition holds.

S5Recall that although a connection is not tensorial, for the difference between two connections is a tensor.
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[1] This paper
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Since, the main result of [1] is a stability statement, it is worth briefly discussing the stability of
some of the quantities that appearing in the scalar linearization in this paper that do not appear
in [1].

One major difference between the scalar linearization in this paper and the linearization in [1]
is the presence, in the scalar linearization of ¢ and /. In the direct linearization, these quantities
satisfies (5.3b) and (5.4b) i.e.

— 27 + ), (5.6a)
267 (5.6b)

be
115/

oo

There are two approaches to considering the stability of $ and p/. First, one could note that

under the ORG, one simply has ¢ = 0 and hence §/ = 0. Note that the above only determines
the real part of p’, but imaginary part must also vanish under the direct linearization of equation

(3.20D).
Alternatively, one could treat these ODEs as generating a dynamics and apply 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 ¢ for fixed r, assuming that the solution decays rapidly on the initial surface
{t = 0} as r — co. For a transport equation of the form b’y = 0, one has that the value of
@ at (t1,71,w1) is equal to the value of ¢ at the intersection of the initial hypersurface {t = 0}
with null geodesic tangent to n going through (¢1,71,w;), which occurs at tg = 0 and rg — rq is
bounded above and below by positive multiples of ¢; for ¢t; > 1. Thus, || decays in ¢ because
the initial data decays in 7. Similarly, for an equation of the form p’¢ = ¢; ', one can introduce
an integrating factor p'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’y = cip'¢ + ¥, 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 ¢ + r, then the additional factor of ¢ from the integration can be dominated
by the decay in ¢ + r, although the decay of ¢ will be one power worse than that of 9. Applying
this method schematically, one sees that if f)' decays rapidly as 7 — oo on the initial hypersurface
{t = 0}, then it will also decay rapidly as t — co at fixed r. Integrating the transport equation

for é‘#, one obtains that é}# 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 &}# to vanish quadratically, which one might

plausibly expect to allow one to show that such a diffeomorphism could be chosen so that s
and p’ 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.
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Another major difference arises from the presence of the differential Lorentz transformations
(n,v). Recall that [1] only uses the background frame (I, 7,7h,70), whereas most of the results
in this paper use the foreground frame (I,n, m,m). The difference between these two frames is
given by the differential Lorentz transform variables (1, v). Before doing so, we note some other

relations for other variables. One finds that ¢ = /4 and ¢# = —@ /4, which vanish under the
full radiation gauge of Chrzanowski. Note that the background values of ¢ and ¢# are both 1.
The direct linearization of equation (3.20c) is

BB = —n0p —Cip +ip +Crfl + LCot — 7 i — 1@7. (5.7)

Substituting this formula into equation (5.2b), one finds that the equations (5.2a) and (5.2b)
become

by = Jidh(i — 7)), (5.8a)
Py =if —Gi(f — )+ LG (F+#) —F +in(F +7) — LG+ 7). (5.8b)

The behaviour of & can be treated via either of the methods used to discuss G and j/. On the
one hand, one can set (% = 0, so that 7 is constant and can be chosen to have zero initial data, so
that it is globally zero. Alternatively, from integrating the transport equation for @, one obtains

that if ¢ decays rapidly, then © also decays rapidly although not quite as fast. For 7, it is not
clear how one could apply the first argument. However, assuming all the linearized quantities on
the right of the transport equation vanish rapidly, then one obtains that 7 also vanishes rapidly
although not quite as fast. Again, we intend to explore this quantitatively in future work.

5.4. Smallness of B - In this section, we show that it is possible to choose initial data for i (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 7 = 0, this does not propagate, even when G =0.

First, consider the linearized setting. The previous subsection argues that we can choose G =0,
i =0 and © = 0. With these choices (5.4d) gives a homogeneous evolution equation for B. Thus,
if 3 can be chosen to be initially zero, it remains so. Assuming that the linearized versions of

equations (3.19¢), (3.20¢), and (D.1a) hold, it follows that the vanishing of 3 is equivalent to each
of the following

= = LN 35— 2)C + LN — 7+ )G, (5.92)
F =G+ (A= Lk TR -2 = §)C + Lk TR (@ — 7 — )G, (5.9b)
B =10 +2) - p)G1+ 1@ +7—7)Ca. (5.9¢)

From the first of these, we see that 1 can be chosen initially so that B 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 equation (3.19¢) is an
evolution equation, equations (3.20c) and (D.1la) 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

B is homogeneous, it follows that B will remain zero, and hence that these three equations (5.9)
will remain valid.

Now consider the nonlinear case. In this case, given initial data for the metric and its deriva-
tives, 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 ¢’ and p’ via equation (3.23) purely in terms of quan-
tities defined with respect to the background tetrad and v, without having specified n. Thus, for
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example, one may choose the initial value for 1 so that
3GyGis*? oy, Gig?? oy, Gas#?6’

= - =7 2-37)(p 4 GoGh +2G1¢?
U 4@5, =)+ 27 (2=37)( =)+ 3y (G2Gh + 2Gh6?)
#257 Gos# . 1 ,
§ 2< 5 o 2 o s
4p/ (G1G2+2G1§ )~ 45 (T_T/)+475’(2§#< — = )(F = 7)
G P0G GO
4p' 8¢p/ 1663/
_ @(1 +octe) — Cos#30 ¢ H#3GC, | G%#30 Gy (5.10)
16§3pD/ 8(2,5/ 4/3/ 16(4[0)/ :

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, 7/ and 8’ takes the form

3 nGo,
- i nz ng , (5.11a)
../ — §# —_— 2\ / of ~/ 1 o - # ’
=7(p' +7') + P(G1G2+2G1g )(p' +20') + 3Gis*(p _F) 415 + (G2G1—|—2G1g )
< = G G # el .
+T22‘T( PO+ 3T —0F - 32 =T -9+ 4ZT (c* —<)+2<T51+%<#1>’Gl7
(5.11b)
~ G # ° Y ° - = ) B G #Z/
F= 77252[) : 5 (GG +2G1P) (P = §) = 0(p' + 7 = §) + (L= F)# + 7 = 22227-
(5.11c¢)

In particular, 3 vanishes quadratically. The choice of n is not unique, in that there are other
choices of 1 for which 3 also vanishes quadratically. These equations will not propagate under
the evolution, although 8 will remain quadratically small for evolution under equation (3.30d).

APPENDIX A. GHP FORMALISM AS A GAUGE OR PRINCIPAL-G 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 orientation and
time orientation.

A real null tetrad at each point is defined to consist of a pair of distinct null vectors I and
n satisfying g(l,n) = 1 and an orthonormal basis (e1,e2) for the plane orthogonal tol and n. A
complex null tetrad is defined to consist of a quadruple of elements of the complexification of
the tangent space (1,n,m,m) such that they are null vectors and l,n, (m+1m)/v/2, (m—m)/(iv2)
is a real null tetrad.

A real null tetrad is defined to be oriented if (I,n,e1,es) 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,7) a tetrad (I,n,m,m)
is defined to be aligned with [ and 7 if | is a positive multzple ofl and n 1s a positive multiple
of . and defined to be constructed from [ and f ifl = [ and n = n.

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 [15] 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 +m)/v/2 and (m —m)/(iv/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.
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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. Regarding the patching
of these local tetrads, since [28, 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 (e1,ez) for the plane
orthogonal to the plane spanned by [ and n. Any oriented real null tetrad aligned with [ and n is of
the form (A, \™1n, cos pe; +sin ey, cos peq —sin pe1) with A € (0,00), ¢ € R and hence uniquely
specified by Ae?? € 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 pes, cos pes — sin peq) with p € 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 n 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 (I,n, m,m) is
transformed to (A, \~'n, e™¥m,e~*m) then the GHP scalar is transformed from a to A’e**¥a.
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
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, ¢) weights such that b = %(p+q) and s = %(pfq).

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.

bbe = bby— (F—7 - #)0p - (+ -7 - )0y

_ (p(—\ilg Uy +H(# + 7)) + g~y — Uy + F(F + 7) ) (B.1a)
PO =0pp—7bo+ (7 +7)0¢+5 0o+ (—p(p + 7)F +a(Us —57))p, (B.1b)
P =0bp— b+ de+ (7 +5)0e+ (p(T3—57) —aq(f +§)7)e, (B.1c)

bOy=0by— (F+7)bp—ibo+(p+pdp+5dy

— (p(#1 + 55 +7) = 6(# + 7)) + a7 — G+ P F +7)) ), (B.1d)
pd'p=0by— (7 +7)bp—kbo+58p+(p+p) 0

— (p(R5' = (p+ P +7) +a(U1 +R(F +7) =57 +7)) ), (B.le)
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00p=00¢0—(—p'—p +7+i)be—(p+p—p—pDy
— (=p(-b2 = To = (p+ )P + ) +55) +

ApPPENDIX C. EXPRESSIONS FOR THE DIFFERENTIAL CONNECTION

a(~¥s = Ts = G+ )7 +§) +57) ).

(B.1f)

The background frame components of the differential connection ['%, are given by the following

expressions together with their complex conjugates.

fiﬁ = Gil(—fi' —|—7°'/) + G1(—7°’ + 7Z'I) — %E/GO,

~l° .
I =0,

Py = — 1657 + 4057 + 166 — 7)) — 16/ — YO,
fiﬁ,fl - Oa

Fiﬁrh =0,
M = — %(];/ —2p")Gy,

= 40— 5 - )6

F+7) - 1P Go),
FHA)+E(F+F) -2 - §)Gh)
F+7') - 2(13/ - EI)Gl) + %E/Go,

+ GO#(G1(—T+T )+ G1
[, = Gif + Gi7 + 167 (-2G2
+1GF(@(F +#) — 26,
T, =Gip+ 1GH (—2G5(F — 7

(=
Ga(7

(7
)

@ - #) — 2B - §)G) - SGF (G + b T)

I = 3GT(=2(b — P)G1 + (0 — 27)Go) + 1GT (=2(b — p)G1 + (' — 27)Go) + 1 b Go

(C.1h)

(C.1i)

—LGF (G0 (i — )~ (b — o+ A +2(0 +7)C1 — 20 — #)C1) + L3Go, (C.1))

i =0,

(C.1k)

T = 3Go(F —7) = @+ =7+ L0 +§)Cr + 1GTF B + 5 - §)¢ - 1GF p'Ga, (C.11)

T = — (b —20)Ga — 3G (' —2)C2 + (6 —7)C1 — 361 0Ca
+ 16T (2C1 (=9 + §) + 0 + 8Ga),
T i = 3Gop + 3Gop + 1(b — p— P+ 5GT (B — ' — 7)) + 3(0 — 7)Gh
+ 3@ - )G — %Gif(QGlﬁ' +0Gs) — 3G (2G1) +0'Gy),
I™ = Gip— Goi' + GF (b — p)G1 — 3(0 — 27)Go) —bG1 + 1 0'Gy

(C.1m)

(C.1n)

+GH(GL(F —#') + G (7 — 7)) + LD/ Go) + L& (2G1p — 2Go#' — 2D Gy + T Go),

(C.10)

[, = — 1Gof + LE(F 4+ 4) — LGoF + 1GH (2G5 (F + ') — @ (7 +7') + 200" — §")G1)

+ L@ (261 + GF + G — 2Ga(F +7) = 2DGh) — LD G+ 1Gh 7, (C.1p)
. (p—p) — 1Gop +1Gof —LGi# —LGi7 —18G, + 109Gy

+1GT(2Go(F — ) + G (=7 + 7))+ 200 = 9)G1) + 1 D¢ + 1GE (2G17 + b Gy)

— L@ (¢p— @p+2Go(§ — §) + 217 + 2617 — b @ + 2801 —20'GY), (C.lq)
I = — G + 1GF (B (=7 +7') +2Ga(F — 7) +2(b' - §)G1) — L #(2G1# + b Go)

—1GE(2Go(p — )+ (b +p—p)E +2(0 —F)Gy —2(0 ++ )Gl) ~1bGy, (Car)
[ = 0, (C.1s)
D = 1G5 — §)+ 1D E + L@ (@5 — )+ P'¢) + 16% b'Go, (C.1t)
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T = = 3GE (D — 9+ 5)¢ — LD Ga — 167 H Gy, (C.1u)
i = G1( — ) + SCH (D~ 2)Ca + 106 + 1GF 8C + 19T

+ gt B¢+0Cy —2G1 () — 7)), (C.1v)

T m = =G — 2GT(D — ' = ) — 308Gy — 1a7 (26 +0Ga) + 1GF (2G1 7 +0Ca),

(C.1w)

T i = 3G — 20)G2 — LGF (261 (¢ — §) +0Ga +0'@) — 0Gy — 170Gy, (C.lx)

APPENDIX D. EXTRA STRUCTURE AND RICCI RELATIONS

The remaining structure equations take the form

. T - oo, Gas0Gs | 06
iOv=0+pF —Gi(p' —p)—np' +2#(nG2+2nc#2)(p’+p’)+%+§7
¢ Gy
R (D.1a)
. o~ = $§ o ~ T_E_l" c/_E/_L "'__"7 of o/
vafe—é—?(pﬂ)—p p) = 3Go(p" = ') #(nGl nG1)(p" + p')
S ! S E e -
+ ez (162 + 2nc#?) — = (nGa + 27c%?) + + g (BB +7+7)
_E = | =7 , _§(5—T —;l)él §(5/—70',—7~'/)é1 éngéQ
A 2F * 27 8 #3
Gasb Gy Gosi  Gaco
T ok + e (D.1b)
on= — G2P+G2P+ Gzﬂ*"*((n Gh)(n— G1)G2+ (n— G1)? 2+ @) —p)
G2§ 2 A2\ 2 A A A A 7 Hos? of | 3/
+4<#2 (* = G1)Ga+ (1° = G1*)Ga+ (T — G1G1) 2+ &) — —5—) (p' + /')
N ~ E s o v o s = N/= , s/ =
—%(2+$)072Zw§2#(7'77")+e ’/]C#(TfT/)+(’I77G1)(T/+T)*%bGQ
_ 2
+5G1*;m(ﬁfGl)((QJr@)ﬁGa72G2(6$+5G2))
2 _ _ _
S = 5 A S T A
*@(U*Gl)(ﬂ;zfﬂ;z*(2+$)(5$+5G2))a (D.1c)

W

(nGa + 27s*2)(# + 7')

_ 1 - - e
I 5_ _ 5 =~ i el 2 #2\ (2 of
o'n—0n p+p T%#(n 2+ 2n¢ )(T+T)+2g#

¢ 1Goct? —2 ~ ~ o= = ~ ~ I
57 (o (G =Gt (G =) + (GG =2+ D)~ )
C# o = o/ ~/ = s/
—I—(?—l)(p—p)—i-n(T +7) —q(7 + 1), (D.1d)

Int0n= 52+ EE+P) (0= CG)*C— (1= C)’C) ()~ i)+ 2+ )
=2 . - -_— = - Goc™2\ L -
x (G =G+ (Gr? = )G + (CrGr = )2+ ) + Z5— ) (5 + )
+625+@5+(n—51)(%’+%’)+(ﬁ—él)(?+%’)+éb@+5él+5’C~Tl
*8G; 2C — )Gy + (G 2+ ¢
+2§T(( 1= 1)Ga+ (G1 —n)(2 + ))‘1'262»1,(#

PG (o G+ (Gr— )2+ )+
+ o#T (( 1—n)G2+ (G1 —7)(2+ ))+2<#

(202 — 776372)(73' —7)

(27672 — Gy (7 — 7'), (D.1e)
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bu= —nE—ni—&+Cp—§C(p—p) + 3n(p+5) + §Goln — G)(p + ) + o

+ ((77 Gl) Ga + (71— G1)?Go + (7 — G1)(n — a)(Z + é))(ff;’;#% - 4?52;3)

GoG - _
—4er ;( F+ ) + 2eGos? (7 + 7)) + L(8 27 — 27)Go
+ (207 - G1)Ga + ( —é)(2+@))(L(°—?)—@(°’—“)
n 1)G2 n 1 4<#P P _H p =P

g2 (2625 = 2Go0 + (b — = p+ 7+ P)E —200 7 — )G

. evdE . — L
+2(0 — 7 = 7)G1) ) - <4§;f§ (2(n — G1)Gs + (7 — G (2 + &)
(0 = G1 )G+ (7 — G1®)Ga + (1 — G1G) (2 + )
3 Jp— — ~ _ 2 = .
< (s (207~ GG + (1~ G) @+ )5~ 7) + 155G~ m(F +7)

A 220 v 23/
ijfg;g - S ). (D.1f)

The remaining Ricci relations take the form
55 e — c#p P €. L P
p—0c (GT —=nG)(p' = ') — 0 (27s(p' = §') +p') — 722 (20" = §)
+ @0+ == %ﬁ(fﬁ/ + )+ 2+ 5 =7 = )7 (D.2a)

bo' —0'F = (7 +§)5 + (5 + )3’ —(1—;)7 £ =) =7 (G B 27

6iuG§g2#6 a (D.2b)

T = =\ o ~ A — =¥ — ph o = T\ ~ ~ ~
bi —0F = — Wy — (6+E—p)d + 5(GY +n*GY +7°Gy — 2+ ¢ )i+ 5+ p)i + 66’
T# .o~ T#
Gy #i”  o# 4o €VGET 1

_ - , G, -
S o/ 1A H # o v e 2 S o/
4 —_— - 5G 4
2€w§2 1S p( (2 +81V(T+T)) 2 1S p( € T+€l §2(T+T))
T#

e Voh (P ) = (1= e #)o'F - 7T — #F

o/ S of e”é’#f— o/ —
0 (GTH + —F= 7 +T——(T+T))+T(ﬁ+/3/ ), (D.2c)

= e

pﬁ—a’azeﬁ+€5+2ﬁﬁ+ﬁ2+&§—m 2§2

TG G — G+ 2GR+ o) (6 )

=# —=# -
(G#GQ §# —nGy s+ 2G1 g#g2 + 2/,7§3) _ I%(f'/ + 7~_/)

6“’ 2
_ ~ =# ~ o= CmH e
+ 3(=207 + G — 2:GY - 20Gy +n*GY + PGy —ni¢ )b, (D.2d)
b6 —0k=TUo+ (p+p+p+p)s—i(T+7 +17), (D.2e)

B N L T “# .
- = 5 JO. S _ oo -~
bﬂfﬁe:\h*77‘1/2+6(p+p)+ﬁp’*7(n+G1 —i1Gy + 0@ ) (Vo + pp) + &p’
=* 4
+ e GEHp ’T+7; CW’OQ + it — (B + 7 +7) —e(F+7)

6Zl/p/,r

+2<

(nG1 GE* 101Gy —2G) )#% — (1 — Fo) (PGl — 4niis®)), (D.2f)
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where the background derivatives of background spin coeflicients are given by (3.31) and
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