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Abstract

We consider the vector and the Lichnerowicz wave equations on the Schwarzschild spacetime, which cor-
respond to the Maxwell and linearized Einstein equations in harmonic gauges (or, respectively, in Lorenz and
de Donder gauges). After a complete separation of variables, the radial mode equations form complicated systems
of coupled linear ODEs. We outline a precise abstract strategy to decouple these systems into sparse triangular
form, where the diagonal blocks consist of spin-s scalar Regge-Wheeler equations (for spins s = 0, 1,2). Build-
ing on the example of the vector wave equation, which we have treated previously, we complete a successful
implementation of our strategy to the Lichnerowicz wave equation. Our results go a step further than previ-
ous more ad-hoc attempts in the literature by presenting a full and maximally simplified final triangular form.
These results have important applications to the quantum field theory of and the classical stability analysis of
electromagnetic and gravitational perturbations of the Schwarzschild black hole in harmonic gauges.

1 Introduction

The study of linear metric perturbations around a Schwarzschild black hole was initiated in [36]. Since then, a rich
literature has developed on this topic, including extensions to other linear fields and more general kinds of black
holes [12, 21, 9], with important applications, including the modeling of gravitational wave forms [38], approaches
to rigorous nonlinear stability of black holes [16, 42], and the study of quantum effects around black holes [21].

Due to diffeomorphism invariance, the linearized Einstein equations require gauge fixing to get well-posed initial
value or inhomogeneous problems. Different gauge choices have different merits. The mathematical literature on
linear metric perturbations of Schwarzchild has been dominated by the question of classical stability of the classical
Cauchy problem. Rather decisive, positive results have already been obtained in a gauge-invariant formalism [19],
as well as directly for the metric in a special double null-foliation gauge [15], neither approach using mode decom-
positions. So why bother studying a different gauge, using mode decomposition, as we do below? The answer is
that there is a wider class of interesting questions that we can ask about black hole perturbations, where such
information is useful. For instance, applications in quantum field theory (QFT) require an explicit construction
of the linear Green function, which is difficult to obtain other than by a mode decomposition. Also, QFT favors
specific choices of gauge, with mode stability in those gauges being a necessary condition for the existence of a
reasonable vacuum state, while stability in one gauge (favored by the classical Cauchy problem), does not imply
stability in a different gauge (favored by QFT). See more precise remarks at the end of Section 5.

In general theoretical treatments of linear metric perturbations, a common choice is the so-called harmonic
gauge (also known as de Donder gauge, wave (map/coordinate) gauge, or by analogy with electrodynamics as
Lorenz gauge) VD = 0, with p,, = puw — %pﬁgwj the trace reversed metric perturbation, preferred for its
local regularity properties [6] and in applications to quantum field theory [20, 7, 10]. In this gauge, the linearized
Einstein equations take the form of a tensor wave equation, the Lichnerowicz wave equation Up,,, —2 R(M’\’”",,)p e = 0.



However, due to its algebraic complexity, until recently, relatively little work has been done in this gauge for black
hole perturbations, with few exceptions [23, 5, 8]. More recently, the work [24] has used harmonic gauge in the proof
of global non-linear stability of Kerr-de Sitter black holes, while in [27, 28]* and [25, 26] the vector field method
was used, directly in real-space, to study stability and decay of perturbations of Schwarzschild. However, to date,
despite the known complete separability of the Lichnerowicz d’Alembertian, there still does not exist an explicit
mode-level construction of a harmonic gauge Green function for metric perturbations on Schwarzschild. In this
work, we take a significant step in that direction.

The main obstacle is that the separated radial mode equation on Schwarzschild is a rather complicated system of
coupled ordinary differential equations (ODEs). While it can be put into matrix Sturm-Liouville form, it presents
a highly non-standard spectral problem. For one, it is naturally self-adjoint only with respect to an indefinite
functional inner product, that is, on a Krein space rather than a Hilbert space. And it presents a quadratic
eigenvalue problem in the frequency w, rather than a regular eigenvalue problem with respect to w?. In other
words, the standard spectral theory of self-adjoint operators on Hilbert space becomes totally inapplicable, leaving
us without any obvious way to prove (or disprove) the reality of the spectrum (absence of modes exponentially
unstable in time) or even to check the completeness of (generalized) eigenfunctions. The indefiniteness of the
functional inner product is ultimately due to the Lorentzian signature of the metric, meaning that this complication
does not occur in the analogous problem in Riemannian geometry [23].

In this work, building on the strategy outlined and successfully implemented in [29, 31] for the simpler example
of the vector wave equation (v, = 0, we prove that the harmonic gauge radial mode equation can be decoupled
into a triangular system, where the diagonal blocks are the spin-s Regge- Wheeler equations, with s = 0, 1 or
2. These Regge-Wheeler equations are then of standard scalar Sturm-Liouville form, with very well-understood
spectral properties [12, 18]. Such a decoupling essentially reduces the non-standard spectral problem of the radial
mode equation to the standard and well-understood spectral problem of the Regge-Wheeler equation. The details
of such a spectral analysis are left for to future work.

To our knowledge, such a triangular decoupling has been previously discussed in the literature only in [8] and
independently in [37] (though indirectly and only for the vector wave equation). Very recently, [25, 26] has used
some of the resulting formulas from [8]. Unfortunately, though pioneering, the original works [8, 37] were based
on rather ad-hoc, extensive, explicit computations and the full details of how the original radial mode equations
transform into the decoupled form and back are not easy to understand from these references. We have strived to
distill their overall strategy into conceptually clear terms? and to understand why certain key ad-hoc steps were
successful, as recorded and implemented in [29, 31] for the vector wave equation. In the end, our results also go a
step further than [8, 37], by reducing the resulting triangular form as much as possible and proving that no further
reduction is possible (in the context of rational ODEs).

In Section 2, we start by reviewing a precise notion of morphism between differential equations, as well as
of equivalence up to homotopy between morphisms or between equations (or isomorphism), where we synthesize
some elementary notions from homological algebra [45], D-modules [39, Sec.10.5] and the categorical approach
to differential equations [32, Sec.VIL5|. Essentially, a morphism is a differential operator mapping solutions to
solutions, but also equipped with extra data preserving the structure of the equations.®> Then, we review how a
hierarchical separation a differential equations into gauge modes, gauge invariant modes and constraint violating
modes can lead to an equivalence with an equation in block upper triangular form. Our general decoupling strategy
is to use this step recursively until a full triangular form is reached. The second step in the strategy is to simplify
this initial triangular form further by transforming as many as possible off-diagonal components to zero or to some
non-zero canonical form by the methods to be presented in Section 3. It is remarkable that all these equations
and transformations between them involve only differential operators with rational coefficients. This review is a
condensed version of the more detailed discussion given in [29)].

In Section 3, we review some tools from the study of rational solutions of rational ODEs (ODEs with rational
coefficients) and apply them to the spin-s Regge-Wheeler equations. Namely, we reduce the problem of deciding
when a triangularly coupled Regge-Wheeler system can be made diagonal to a finite dimensional linear problem

!These works actually use a generalized harmonic/wave gauge, V*D,, = fu[p]. In the earlier preprint [27] f,[p] was chosen to be
a local zeroth order expression, while in the later published work [28] f,,[p] was chosen to be non-local with respect to the orbits of
spherical symmetry of Schwarzschild.

2]t is by no means a simple task to extract a guiding strategy from [8], as it only becomes apparent as the common pattern in the
detailed and explicit calculations done for a sequence of examples of increasing complexity. Still, that work should be credited as (to
our knowledge) the first to carry out this strategy explicitly for the Lichnerowicz wave equation, and also incidentally for the vector
wave equation on Schwarzschild.

3Those familiar with the SE = OT identity that is used prominently in Wald’s adjoint method [43] might be comforted to know
that such an identity is in fact an example of a morphism. Another example is Chandrasekhar’s transformation (Section 3.1). Many
examples of similar transformations in black hole perturbation theory are reviewed in [22].



that can be easily solved with computer algebra. Incidentally, for spins s = 0,1,2 that are of interest to us, we
prove for the first time that the only non-trivial rational morphisms (in the sense of Section 2) between spin-s
Regge-Wheeler equations are the identity morphisms for equal s. (In other words, there do not exist rational spin
raising and lowering operators [40] at least between radial modes of spins s = 0,1,2, and also likely any other
spins.) These methods were first applied in [31]. In this work, they are further improved and refined by new results
on the characterization of the cokernel of a rational ODE. Finally, in Section 3.1, we also discuss the Chandrasekhar
transformation as an equivalence between the s = 2 Regge-Wheeler and Zerilli equations, with special attention to
its dependence on the frequency w.

In Section 4, we first review the complete separation of variables of the scalar, vector and Lichnerowicz wave
equations into spherical and time harmonic modes. Our notation and conventions are compared with the literature
in Appendix A. Then we present the resulting radial mode equations, related differential operators and identities
between them that are needed to implement the decoupling strategy from Section 2. In Section 4.2 we recall from [29]
and slightly improve the explicit full triangular decoupling for the radial vector wave equation. In Section 4.3 we
give for the first time a explicit full triangular decoupling for the radial Lichnerowicz wave equation, which follows
from the decoupling strategy of Section 2 and builds on the results of Section 4.2. Since some of the explicit formulas
needed for the even sector of the Lichnerowicz equation are quite lengthy, they are relegated to Appendix B. In
both the vector and Lichnerowicz wave equation cases, we improve on the original results of [8] by giving a more
complete and simpler triangular form.

In Section 5 we formulate our main results as a concise theorem. Then we state several immediate qualitative
corollaries, which indicate important applications of the explicit knowledge of our decoupling formulas. Finally,
these applications and other potential further developments are discussed in Section 6.

2 Formal properties of differential equations and operators

2.1 Equations and morphisms

For the purposes of this work, a (partial) differential operator, say E, is always linear, with smooth coefficients,
which we will write as E[u], where u is a possibly vector valued function. Later on we will even specialize to ordinary
differential operators with rational coefficients, but all abstract statements expressed in terms of operator identities
or commutative diagrams will be valid at the greater level of generality. Compositions of differential operators will
be written F7 o E5 or just FyF5 when no confusion could arise.

An operator F can always be thought of as a matrix of scalar differential operators acting on the components
of u. By a scalar differential operator, we mean an operator that takes possibly vector valued functions into scalar
valued functions (corresponding to a matrix with a single row). Scalars are real or complex numbers (for the sake
of generality we will generally allow complex scalars). Differential operators could be of any order, including order
zero, which just corresponds to multiplication by some matrix valued function. While the operators can be thought
of as acting on smooth (vector valued) functions, we will be mostly concerned with composition identities among
operators, and so we will not bother specifying precisely the domain or codomain of each operator. This information
can always be deduced from the context (e.g., the size of the matrix). Also, for the abstract discussion below, it
is also not necessary to fix the number of independent variables, but in the rest of this work we will be mostly
concerned with applications to ordinary differential operators (i.e., acting on functions of a single independent
variable).

Below, we state some basic definitions and results concerning differential equations and morphisms between
them, which essentially correspond to differential operators that map solutions to solutions. The presentation is
logically self-contained and does not extend far beyond what is needed in the rest of the paper. We generalize and
streamline slightly the presentation previously given in [29, Sec.2], which can be consulted for a more pedagogical
exposition. For proper context, these ideas can be seen as simple special cases of concepts coming from the more
general frameworks of D-modules [39, Sec.10.5], the category of differential equations [32, Sec.VII.5] or homological
algebra [45]. We will not delve into the precise connection with these larger frameworks, but it is useful to mention
that all arrows/morphisms need to be reversed when our statements are interpreted in the language of D-modules.

Central objects of our attention are differential equations, like E[u] = 0. Sometimes we will refer just to the
operator E as the equation itself and vice versa. This should not lead to any confusion. Technically, it becomes
convenient to consider not just an equation E, but also a set of Noether (or compatibility) identities that comes
with it, namely an operator E’ such that E' o E = 0. One can equally consider higher stage Noether identities, for
example an operator E” such that E” o E/ = 0, etc. Such a sequence of operators E, E', E”, ..., E(™ _ is also called
a complex (a term from homological algebra [45]), but we might as well still refer to it as a differential equation,



albeit equipped with the extra data of Noether and higher stage Noether identities.
The next most important concept is that of a morphism between two differential equations. Referring again to
terminology from homological algebra, a morphism for us will be a cochain map between the complexes correspond-

ing to the two equations. In more detail, given two complexes E,F’,... and F,F’,..., a cochain map consists of
differential operators k, k', ... with domains and codomains prescribed by the following diagram
0 0
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which also needs to be commutative (any sequence of operators starting and ending at the same point must compose
to the same thing). We have denoted by bullets the appropriate function spaces, which are less important to us than
the structure and properties of the differential operators acting between them. Given a complex E, E’, . .., a standard
concept connected to it is its cohomology, defined as the sequence of quotient spaces H(”)(E) = ker E(”H)/ im B,
When needed, e.g., for the purposes of defining the cohomology or for defining a cochain map between complexes
of different lengths, any complex can be freely extended by zero maps in both directions. This explains the extra
zero maps appended and prepended to the complexes in the left diagram of (1). But since this can be done
implicitly, we will not show such extensions and rather use more compact diagrams like on the right of (1). When a
complex consists of a single operator E, the cohomology has the natural interpretation H(E) = ker E/im 0 = ker E
and H'(F) = ker0/im E = coker F, which justifies interpreting a complex as a generalization of an equation
like E[u] = 0. It is not hard to check that the defining properties of a morphism (cochain map) k, k', ... imply
that it descends to well-defined maps in cohomology k(™ : H"(E) — H™(F). In the simplest example of a
single operator, this means that k: ker E — ker F' maps solutions of E[u] = 0 to solutions of F[v] = 0 (also
E': coker E — coker F' in this case). An automorphism is a morphism from a given equation to itself, in which case
the operator k mapping solutions of the equation to solutions is also known as a symmetry operator.

A morphism is induced by a homotopy if there exists a homotopy, that is, a sequence of operators h,h’,- -



(again, extended by zero operators in either direction, as necessary) fitting into the morphism diagram
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such that each horizontal arrow satisfies the formula
k™ = pm) o 0 4 pn=1) o p(n=1) (3)

which is indeed a morphism. It is a straightforward exercise to check that a morphism induced by a homotopy
always descends to the zero map in cohomology. Two morphisms ki, k],... and ko, k), ... are equivalent up to
homotopy when the difference (ko — k1), (k4 — k1), ... is induced by a homotopy. Two equations are equivalent up to
homotopy if there exists morphisms between them that are mutually inverse up to homotopy (their compositions are
equivalent to the identity morphisms up to homotopy). All the relevant operators can be exhibited in an equivalence
diagram, like
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o
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where the solid arrows commute and the homotopy corrections enter the identities
™ o k™M —id — B o g0 _ pn=1) o p(n=1) 11 k™ o k() —id — ™ o W) _ pn—=1) 5 j(n=1) (5)

Equivalence up to homotopy, both for operators and equations, of course defines an equivalence relation.

2.2 Triangular decoupling strategy

In this section, we outline our general decoupling strategy. We basically summarize the more pedagogical discussion
of from [29]. There are two small differences. We use slightly different notation, more adapted to the later needs of



Section 4. Also, we take advantage of having defined, in the preceding section, morphisms for complexes of possibly
more than one differential operators. Part of the discussion in [29] was unnecessarily awkward because we insisted
on using morphisms only with single differential operators.

The input is a differential equation Efu] = 0, together with the following morphisms to simpler equations

R S
e D . T ., m D
T I j 1 and im (6)
S R T [_TlpT] 0

along with the further compositional identities

ToD=HroDp, T oD =DroHr ;

®oD=HyoDp, oD =DgoHyp, (™
which T o D ~ 0 and ® o D ~ 0 as morphisms, up to homotopy. The end result is an equation in block upper
triangular form with Dp, Ds and Dp, where both the diagonal blocks and the off-diagonal ones have also been
simplified as much as possible, keeping upper triangular structure. For our purposes, we may refer to the degrees
of freedom captured by the D operator as pure gauge modes, those by the ® operator as gauge invariant modes,
and those by the T operator as constraint violating modes. This terminology will be justified in how the strategy
will be applied in Section 4 to Maxwell and linearized Einstein equations in harmonic gauge (see also the detailed
discussion in [29]).

The first non-trivial step is to find an equivalence diagram between Dp (the residual gauge equation) and the
joint system Elu] = 0, ®[u] = 0 (vanishing of gauge invariant modes), T[u] = 0 (gauge fizing condition). If such a
diagram does not exist, than our strategy cannot proceed directly. One reason for failure could be that the T'[u] =0
and ®[u] = 0 conditions are not strong enough to reduce the number of remaining degrees of freedom to equal that
of the Dp equation. In this work, we will only consider cases where this step of the strategy succeeds. The desired



equivalence diagram should take the following form:
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where any operators that were not previously introduced are defined by their relation to this diagram.

Next, using only operators that have already been introduced above, together with their defining properties, we
can construct two more equivalence diagrams that are concatenated and explicitly shown in Figure 1. Composing
the morphisms in Figure 1, in both directions, we obtain the much more compact equivalence with an upper

triangular form, which we denote by FE,
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The triangular system E may still be rather complicated. So the strategy proceeds with two kinds of simplifi-
cations: simplifying the diagonal blocks, and simplifying the off-diagonal blocks. The first kind is summarized in

the following
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Figure 1: Concatenation of diagrams of morphisms showing the equivalence between F[u] = 0 and a system of

equations in block upper triangular form.



Lemma 2.1. If there exists an equivalence between equations Eo and Es, then it implies the following equivalence
of an upper triangular system where Ey is the middle block:

[} [ ]
I ido 0 R,
Y 0 k —hlgs \
/ 00 id \
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k // \\
[ ] ¢ [ ] II \\
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/ \ —
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[} [}
id o 0
N
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where A1y = Aok, Agg = k' Aoz and A3 = Ay — A1ohAas, provided the extra identity kh = hk' also holds (though
it is only needed to verify the form of the barred homotopy operator on the right).

The proof is by direct calculation. Though, we should note that when Es has no non-trivial Noether identities
(for example, in the ODE case, when it can be solved for all highest derivatives), then the extra identity on the
homotopy operators is automatic. Indeed, then

(kh — hk')Ey = (k — hExk) — (k — khEy) = (kk)k — k(kk) = 0, (11)

and since E has no non-trivial Noether identities, we must have kh — hk’ = 0.

Note that Lemma 2.1 remains valid when either of the untransformed diagonal blocks E; or F3 is zero dimensional
(a 0 x 0 matrix, or just absent, in other words).

The second kind of simplification can be achied by applying the next

Lemma 2.2. For any operators § and &' the following equivalence holds:
id §
0 id

it . X
/ id -9 N
/ A\
/ 0 id \

A 12

where A = A — E10 4+ §'Es.

The proof is again by direct calculation. This Lemma implies that by a clever choice of § and ¢’ it might be
possible to set A = 0, thus decoupling the two diagonal blocks, or at least set it some preferred canonical form. For
instance, in the case when E; and FEs are ODEs that can be solved for their higher derivatives, say respectively of
orders n; and ny, then by an obvious choice of § and ¢’ the off-diagonal term A can be reduced to order min(ny,ns).

Our decoupling strategy proceeds by applying the last two lemmas recursively, repartitioning our triangular
equation into blocks as necessary, until no further simplification is possible or practical. In the successful applications
of this strategy in Section 4 we stop when the system E has been reduced to fully upper triangular form, where each



operator on the diagonal is a spin-s Regge- Wheeler operator (Section 3), while off-diagonal terms are mostly zero,
with those that are non-vanishing expressed in terms of a small number of canonical representatives. We dedicate
the following section (Section 3) to giving an effective method of deciding when Lemma 2.2 can be used to cancel
(or at least “maximally simplify”) specific off-diagonal terms in a triangular system with Regge-Wheeler operators
on the diagonal.

2.3 Formal adjoints

Given a local sesquilinear scalar paring (—,—) = [dz(—,—),, with (—, —), the corresponding pointwise non-
degenerate pairing, the formal adjoint E* of a differential operator F is defined by the usual relation (E*[v],u) =
(v, Eu]) for smooth compactly supported test functions u and v. If an operator satisfies E* = E, then it is
(formally) self-adjoint. As defined, formal adjoints always exist and are unique. In local coordinates they may
be computed by the standard rules (EF)* = F*E*, 05, = —0,: and f(z)* for a multiplicative matrix operator
coinciding with its usual pointwise adjoint with respect to (—, —),.

On a manifold with a metric, for tensor fields v and u, we define the paring (v,u) to be the integral with
respect to the metric volume form of the metric contraction of v* (the complex conjugate of v) and u. We use
this convention in Section 4, both for the spacetime metric 49,“, on M = R2 x S? and for the metric g, on the
radio-temporal R2-factor.

In Sections 3 and 4, we will also be dealing with ordinary differential operators with respect to the Schwarzschild
radial variable r. In that context, we take the pairing (v, u) = f;;[ v*udr, where u is a column vector valued function
and v* is the conjugate transpose of a column vector valued function.

When the operators depend on spectral parameters, like w and [, they are considered to be real, so that w* = w
and [* = [. However, that does not prevent us from considering complex values of these parameters once all the
adjoints have been computed.

3 Morphisms and extensions of Regge-Wheeler equations

The following functions will appear in the Schwarzschild metric and its derivatives:

2M flr 2M
sy =1-20 oy =10 =20 (13)
T T r
Let also I, s and w be real (or more generally complex) constants, with B, = (I + 1) a convenient notation.

Throughout this work, we use only 9, to denote differentiation, while primes are used only as decorations.
Define the (generalized) spin-s Regge- Wheeler operator with mass parameter M, angular momentum quantum
number [ and frequency w by

1 w?
Did = 00f0:6 = 5[Bi+ (1= ") [l + —-. (14)
We will usually assume that { =0,1,2,..., that s is a non-negative integer (in fact, only s = 0,1, 2 will concern us),

and that w # 0. Of course, D, has rational coefficients in r and all of these parameters.
Consider the following equivalence of upper triangular Regge-Wheeler systems:

J |
- (e R
o

As discussed in Section 2, this system is reducible to diagonal form by the above equivalence (Lemma 2.2) if and
only if the following equation is satisfied by some ¢ and e with rational coefficients:

Dy, 08 =(A—A)+e0Dy,. (16)
For simplicity of notation, where it does not introduce any ambiguities, we set A = 0 below. By Theorem 3.1

of [31], without loss of generality, we can consider this problem restricted to first order ¢, ¢ and A, with ¢ uniquely

10



determining € and vice versa. Basically, if A is of order higher than one, we can always reduce the order by writing
A=A+ A" oD, with A; of order at most one, and absorb A’ into & (or analogously with ).
Let us parametrize these operators as follows:

A= %T(—A, AL O, (17a)
5= 64 — 200 (rfo_) + f16 + {rfo_.0,), (17b)
€= 0y 4200 (rf0.) — f16_ 4 {rfo_. 00}, (17¢)

where d3, Ay are arbitrary rational functions and we have used the anti-commutator notation {g,h} = goh+hoh
for differential operators. Plugging this parametrization into (16) and comparing coefficients, we find the equivalent

ODE system
s2_g2
%ar (oiw;)ﬁ . 5+ B A+ (18)
C(2estypy Oertorrso,—{f(2Bi-(sirstun+i- 272 o b | 5l T AL
D(s0,51)

The parametrization we have used for A and 0 is different from the one we used previously in [31], but it is
more convenient for some simple technical reasons. If A is parametrized by (A4, A_), then A* is parametrized by
(A4, —A_). Moreover, given a solution ¢ of (18) parametrized by (d4+,d_), if we simultaneously replace A by A*
and exchange s with s;, then the solution to the new problem is parametrized in the same way but by (§7, —0*).
The last property is due to the formal self-adjointness of D = Ds. With our new parametrization, it is also easy
to check that the operator D (sg, s1) in (18) is itself formally self-adjoint, and setting so = s; puts it into diagonal
form. The version of the decoupling equation used in [31] did not manifestly exhibit these properties.

Furthermore, the ODE coefficients in (18) are not just rational functions, but even more conveniently they
are Laurent polynomials in r. The rationality of the coefficients means that we can use the results from [31] to
systematically solve (18), or check that it has no solution. Actually, we will need to extend the results of [31] in
an important way. When A is such that no solution ¢ exists, we would like to find some canonical choice of A
such that replacing the right-hand side by (A — A) does make the equation solvable. That is, we would like to
be able to pick some convenient representatives of the equivalence classes in the cokernel of D(sg, s1) in (18). In
fact, exploiting the fact that its coefficients are actually Laurent polynomials, we will show in Theorem 3.5 that
fixing the locations of the poles of A, the cokernel of the operator in (18) is finite dimensional and a complete set
of representatives can be explicitly selected.

First, let us recall some useful terminology and notions from [31], where further details and more references to the
literature on this topic can be found. Let us distinguish between unbounded Laurent series C[[r, r~]], bounded (from
below) Laurent series C[r—1][[r]], bounded from above Laurent series C[r][[r~!]] and Laurent polynomials C[r,r~1].
Of course, we could also consider Laurent series centered at some other r = p # 0, but for convenience of notation
whenever possible we will stick with p = 0.

By convention, matrix ordinary differential operators E[¢] act on column vectors ¢ with components either in
C(r) (rational), or belonging to one of these classes of Laurent series. When E[¢] has bounded Laurent series coef-
ficients, its action on bounded Laurent series produces bounded Laurent series (from above or below, respectively).
Rational coefficients become bounded Laurent series upon appropriate expansion. For the action of E[¢] to be
well-defined on unbounded Laurent series, its coefficients must be Laurent polynomials. In each case, let us call
such an FE a compatible differential operator.

We call a Laurent polynomial matrix S = S(r) Laurent unimodular if its inverse S(r)~! is also Laurent poly-
nomial (equivalently, the determinant of S is proportional to a single power of r and non-vanishing). We say that
Laurent unimodular matrices S and T are respectively the source and target leading multipliers of E when, after
expanding all rational coefficients as bounded Laurent series, we have

E[S(r)pnr"] = T(r)(Engnr™ +1"0(r)), (19)

with the components of O(r) all in rC[[r]] and E,, an r-independent matrix that is invertible for almost all n. We
call E,, the leading characteristic matriz of E with respect to the given multipliers. Similarly, we say that S and
T are respectively the source and target trailing multipliers of E when, after expanding all rational coefficients as
bounded from above Laurent series, we have

B[S(r)pnr"] = T(r)(Endnr" +r"O(r™1)), (20)
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with the components of O(r~!) all in 7~*C[[r~!]] and E,, an r-independent matrix that is invertible for almost all
n. We call E,, the trailing characteristic matriz of E with respect to the given multipliers.

Those integers n € Z such that det E,, = 0, which is a polynomial equation in n, are called (respectively leading
or trailing) (integer) characteristic roots or exponents of E with respect to given multipliers S,T. We denote the
set of such leading characteristic exponents by &(FE) and the set of such trailing characteristic exponents by 6(E),
with implicit dependence on the S, T multipliers, of course.

If the leading (trailing) multipliers S,T of E are known, for the formal adjoint operator E* obviously has
Sp+ = T7* and T+ = S~*, where A=* = (A*)~! is the inverse of the conjugate transpose matrix. Dependence
on n in E, is due to the action of differential operators rd,r™ = nr™. Due to the identity (rd,)* = —(rd, + 1),
using the above multipliers for E* allows us identify the characteristic exponents of E* as 6(E*) = —6(FE) — 1 and
6(E*)=—-6(F) — 1.

We will not dwell on when leading or trailing multipliers exist, but will just assume that they are given for
any particular problem. Our focus, instead, is to use these data as a certificate that a concrete, finite dimensional
linear algebra computation can prove some statement about a rational ODE. In practice, often S and T may be
taken to be diagonal, with appropriately chosen powers of 7 on the diagonal. Otherwise, they could be determined
by a recursive procedure similar to that used in the analysis of regular and irregular singularities for ODEs with
meromorphic coefficients [44]. Related algorithms can be found in the recent papers [2, 1].

For the inhomogeneous problem E[¢] = 3, the solution ¢ may only have poles at a subset of the union of the
poles of 8 and of the (regular or irregular) singular points of E[¢]. When the number of such singular points is
finite, the knowledge of the leading and trailing multipliers at the singular points (including r = co) and at the
poles of 3 is sufficient to reduce the problem of finding all rational solutions ¢ for rational 3 to a finite dimensional
linear algebra problem [31, Thm.2.4]. For our purposes, we now need to extend this result to characterize both
the kernel and cokernel of E[¢] when acting on the different classes of Laurent series. There exist results in the
literature [35, 13] that are, on an abstract level, equivalent or even more general than what we present below. But,
being written in the abstract language of D-modules, they would require substantial interpretation to be applicable
to our very concrete situation.

Let us fix the following notation. We denote the kernel of E by ker E in the C[r,r~1] class, by ker, F in the
Clr=1][[r]] class, by ker_ E in the C[r][[r~!]] class, and by ker_ E in the C[[r,r~1]] class. For the cokernel of E, we
write coker E, cokery E, coker_ F and coker_, E, using the same conventions. In each case, the operator E|[¢] must
have a well-defined action on the Laurent series of the appropriate class. If we have in mind Laurent series centered
at 7 = p instead of r = 0, then we write ker” and coker” with appropriate subscripts. Finally, we write ker};”?

rat
and coker?};”? when we restrict our attention to rational functions with possible poles only at r = py, pa, . . ..

Proposition 3.1. If a compatible equation E[p] = 0 has finitely many singular points, then ker E, kery E, ker_ E,

ker_ E or ker? PPN F_as appropriate, is finite dimensional.

Proof. For rational functions with prescribed poles, this is the statement of [31, Cor.2.5]. For the other cases, the
proof can be attacked with similar methods, so we merely sketch it. For ker, F, we can split ¢ = ¢’ +S¢., using the
leading multiplier S, where the powers of r in S~'¢’ are bounded from below by # and from above by # satisfying
n <« 6(F) < 7, while the powers of r in ¢, are only bounded from below by 7. Then there are no obstructions
to solving E[S¢.] = —E[¢'] for ¢ order by order, since no characteristic exponents will appear by our conditions
on 7. Then finding all ¢’ such that E[¢’ + Suy] = 0 reduces to a finite dimensional linear algebra problem. The
ker_ E case is completely analogous. For ker_ E, one needs to start with the splitting ¢ = S¢_ + ¢’ + S¢., where
now S is the trailing multiplier and again proceed analogously. O

To deal with cokernels, it is helpful to introduce the sesquilinear residue pairing

(o, ), = Res, (™ @), (21)

where we take the residue at 7 = p (i.e., the coefficient of (r — p)~1) of the product of a column vector ¢ and the
conjugate transposed column vector « (r* = r and its powers are treated as real under conjugation). We may drop
the subscript when p = 0, (—, —) = (—, —)o. The residue pairing is of course well-defined for rational functions, but
it is also well-defined for the following pairs of Laurent series classes: (bounded from above and below, unbounded),
(bounded from below, bounded from below), and (bounded from above, bounded from above). This pairing has
several nice properties. It is easy to see that it is non-degenerate in either argument, for each possible combination
of pairs Laurent series classes. If S is a Laurent unimodular matrix, then the pairing is obviously invariant under
(S™*a, S¢p) = (a, ¢). The following lemma is slightly less obvious and will be particularly helpful.
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Lemma 3.2. For a compatible differential operator E|[¢], the formal adjoint E*[a] is also the adjoint with respect
to the residue pairing, (o, E[¢]) = (E*[a], ¢). The same is true with the arguments of the pairing reversed.

Proof. The last statement holds simply because (o, ¢)* = (¢, a). To prove the adjoint relation, we need to make
use of the defining formula (21). First, note that it is obviously true that (o, C¢) = (C*«, ¢), when C' is a constant
matrix, and that (a,r"¢) = (r"«, ¢), for any power of r. Then, due to the Leibniz identity a*0,¢ — (—0,a)*¢p =
Or(a*¢) and the observation that Resy(d,w) = 0 for any Laurent series w, it is also true that (o, 0,¢) = (=0, «, ¢).
Hence, the adjoitness property follows for all differential operators, since any operator can be written as a sum of
compositions of these three kinds of operators. O

We can now state and prove the following lemmas characterizing cokernels in the bounded Laurent series and
Laurent polynomial cases. In each case, since E** = E, we are free to exchange the roles of E and E*.

Lemma 3.3. Let E[¢] =0 be an ODE with coefficients that are Laurent series bounded from below (above). Then
the induced sesquilinear pairing ([, ¢) = Reso(a*d) is non-degenerate between cokery E* and kery E (between
coker_ E* and ker_ E).

Proof. Obviously, E[¢] is a compatible differential operator. We will consider Laurent series bounded from below
(the bounded from above case is completely analogous).

Let £ and R denote the spaces of left and right arguments of the residue pairing. Denote by £, C £ and
R, C R the subspaces consisting of Laurent series containing powers of r only equal to n or greater. Note that
L} =R _, and vice versa. By the invariance of the residue pairing, without loss of generality, we can assume that
E[¢] has trivial source and target multipliers (they are just identity matrices). Then E[R,] C R, for any n. Fix
some exponents 1 K 7(E) < f.

By invoking Lemma 3.2 and using standard arguments, we can conclude that the residue pairing descends to
the non-degenerate pairing ([o], [¢]) = (o, ¢) on the finite-dimensional sub-quotients £_;/L_; X Ri/Rp, with
the induced operators [E][¢] = [E[¢]] and [E*][a] = [E*[a]] still satisfying the adjoint relation {([a], [E][¢]]) =
([E*][e], [#]). Hence, by standard finite dimensional linear algebra, this induced pairing descends also to a non-
degenerate pairing between ker[E] and coker[E*], for the operators induced on these sub-quotients. But by the
same arguments as in the proof of Proposition 3.1, the sub-quotients provide isomorphisms ker, F = ker[E] and
coker; [E*]. Hence, since these isomorphisms respect the hierarchy of induced pairings, the residue pairing induces
a non-degenerate pairing between coker E* and ker F. O

Lemma 3.4. Let E[¢] = 0 be an ODE with Laurent polynomial coefficients. Then the induced sesquilinear pairing
(o, [9]) = Reso(a* @) is non-degenerate between ker_ 4 E* and coker E.

Proof. Clearly, E is a compatible differential operator, the induced pairing is well-defined and the non-degeneracy
in the first argument follows directly from the non-degeneracy of the residue pairing. It remains to show non-
degeneracy in the second argument.

Suppose ¢ is a Laurent polynomial and (3, [¢)]) = 0, for any 5 € ker_ E* D kery E*. Then, by Lemma 3.3,
there exist bounded (respectively from above or below) Laurent series ¢+ such that ¢ = E[¢1]. Pick any Laurent
polynomial a € (ker; F)* N (ker_ E)*. Then, again by Lemma 3.3, there exist bounded (respectively from above
or below) Laurent series S such that @« = E*[54], and hence S, — f_ € ker_; E*. By the hypotheses on 1,

0= (B+ — B, [¥]) = (B4, El¢+]) — (B, Elp_]) = (E7[B4], o4) — (E7[B-], 0-) = (o, o4 — ). (22)
Since the residue paring is non-degenerate and « was arbitrary up to being annihilated by kery E (finite dimensional
subspaces, by Proposition 3.1), there must be ¢!y € kery E such that ¢4 —¢_ = ¢/, — ¢’ . But then ¢ — ¢/, =
¢_ — ¢’ and hence, by their boundedness properties, both sides are equal to a Laurent polynomial ¢ such that
E[¢] = ¢, implying as desired that [)] = 0 € coker E. O

Finally, we can package the above results in the following, for our purposes, conveniently phrased

Theorem 3.5. Consider an ordinary differential operator E[¢] with Laurent polynomial coefficients with a finite
number of singular points. Suppose that the leading multipliers and integer characteristic exponents are known at
each point p € C. The formal adjoint E*[a] will share the same properties.

(a) Given p € C, there is a finite basis (a?) spanning a subspace of ker, E* and as many polynomials (Y7) in
(r — p)~1 such that the residue pairing R;’k = Resp((af)*il),g) is full rank and such that, for any rational v, there
exist constants c’; and polynomials ¢, in (r — p)~* such that

PP =1 =Y byl — El4,), (23)
k
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has no poles at r = p.
(b) There is a finite basis (a;) for ker_, E* and as many Laurent polynomials (1) such that Rji, = Res,(ajvx)
is full rank, for any Laurent polynomial v, there exist constants c® and a Laurent polynomial ¢ such that

Blg] =¢ - Y k. (24)
k

Proof. Part (a) follows from Proposition 3.1 and Lemma 3.3. The implication is that both ker, E* and coker E
are finite dimensional. Hence, the dimension of the subspace of coker’, E represented by polynomials in (r — p)~t
must also be finite. Let (¢/7) be a set of polynomials in (r — p)~' that represent a basis of this subspace. Then,
by non-degeneracy of the residue pairing, we can pick a finite subset (o/;) satisfying the desired non-degeneracy
condition. So by subtracting the appropriate linear combination ), cllng from 1 we can find a representative ¢”
from the same equivalence class in coker’, E that has no poles at r = p. This argument gives us ¢, that is merely
bounded from below as a Laurent series, but once we have it, we can simply truncate it after some sufficiently high
finite power or r.

Part (b) follows from Proposition 3.1 and Lemma 3.4 similarly. Once we know that ker_, E* and coker E are
finite dimensional, it remains only to pick a basis (a;) for ker_ E* and a finite set (1) whose representatives form
a basis of coker E. O

Remark 3.1. Theorem 3.5 also implies that coker?:P* " E, the cokernel of ¢ — 1 = E[¢| for ¢ and ¢ rational
with potential pole locations fized at p1,po, ..., is finite dimensional. The functions (i, Yy, Yi%,...) then consti-
tute a complete set of independent representatives of the cokernel equivalence classes exactly when they satisfy the

conditions in (a) and (b) of the theorem.

We conclude this section by applying Theorem 3.5 to the operator ®(sg, s1) from the Regge-Wheeler decoupling
equation (18). Let us denote the multiplier and characteristic matrices as in the following identity:

D(50,51)S,0u(r — p)" = T (Epuba + O — p)) (r — p)". (25)

The only singular points of D(sg, s1) are r = 0,2M, co. They are accompanied by the following data.

e p=0: 50(D(s0,51)) = {£so £ 51}, with det Ey ,, = — (”+30+81)(”'Jrs"_:]lv[)g::;s“*'sl)("_50_81) and
oM
2 0
wely 3] e lf g
2M r2 (26)
B 1 n 83— 3
On " 2iMw |83 —s3 n(n?—2s% —2s7)|"
_ L x _ . _ n?(n?+16M3w?)
o p=2M: Gapns(D(s0,51)) = {0}, with det Eoprrp, = =322 and
10 L0
Son = {0 1], Ton = [6 }],
(27)

B 1 n 0
M T 9iMw |0 n(n? +16M3%w?) |
® p=00: 600(D(s0,51)) = {0}, with det E,,, = —4n? and

10 L0 1m0

wr v

o p&{0,2M,00}: 6,(D(s0,51)) = {0,1,2}, with det E,,, = — L@ 0=D=2) 4,9

1
e Y ]
0 1
(r—p)3

b

oy . o

1 |n 0
wanwh ﬁﬂm%m—nm—m}



Notice that, besides 7 = 0 and r = oo, the only singular point of D (s, s1) is 7 = 2M. In practice (in Section 4),
we will only deal with rational functions that have poles at these three points, so we will restrict our attention only
to them. Given the above data, it is possible to explicitly calculate (using computer algebra) the dimensions of the
solution spaces keriM D(sg,s1)* and ker_, D(sg, s1)*, as well as their bases. Since these solutions are presented
by infinite series, it is impractical to write them here explicitly. Instead, we will simply report their dimensions,
while explicitly writing a choice corresponding cokernel representatives (A, AﬁM ). In practice, the self-adjointness
D(s0,51)" = D(s0,s1) turns out to be extremely useful and saves a significant amount of effort since the same
computer algebra code can be used for both operators.

For A involving poles at points other than {0, 00}, we can report the following.

o p&{0,2M,00}: dimkerf, D(sg,s1)* =2, while

o= ()

Although we will not need this case later (in Section 4), we report it here for completeness.

o p=2M: dimkeri_M D(s0,51)* = 2, while

o= (7] [ &) - (B E

For A a Laurent polynomial, we can report the following. This data depends on the values of sy and s1, so we
concentrate only on the cases that will be needed later (in Section 4).

o (s0,s1) = (0,0): dimker_ ®(sp,s1)* =5, while

o= (] -2

o (s9,s1) = (1,1): dimker_4 ®(sp,s1)* =5, while

3= O

(Ag) = (

Oﬁh—:

— OI

3= O

|

|

%N‘H o

|

1‘,_. o

)

N~
~—~
w
w
SN~—

(17 o] o] [o] [O]
@o= (5] B 112 2] (59

Si- o

e (s0,81) =(0,2) or (2,0): dimker_, D(sg,s1)* =4, while

o=

e (s0,81) = (1,2) or (2,1): dimker_, D(sg,s1)* = 4, while

o= (- B0

Remark 3.2. Obuviously, the choice of cokernel representatives given above is not unique. Our choice was mainly
dictated by simplicity and practicality. However, it satisfies another important requirement. When each cokernel
representative is rewritten as a differential operator A = M’ the resulting coefficients Ay and A1 are bounded
functions of r on the interval (2M,00). This requirement is sufficient to ensure that the A is relatively bounded by
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Ds as a (possibly unbounded) operator L?(2M, oco0; f =1 dr) — L%(2M, oo; f dr), which means that ||¢|| < Cal| fDs||+
Coll@|| for each ¢ € D(Ds), with some constants Co, C2 > 0. In turn, relative boundedness ensures that the operator
matrix nverse .

Dy, A]  _[D;! -D'AD;!
|: 0 D51:| - |: 00 ,20)71 ! (38)

S1

is itself bounded whenever the inverses DS_Ol and Ds_ll are bounded.
To see the desired relative boundedness, it is obviously equivalent to establish the relative boundedness of fA

with respect to fDs. If we introduce the Regge-Wheeler tortoise coordinate r, = r.(r), defined by dr. = %,

then L?(2M,cc; f~1dr) = L?(—o0,00;dr.) =: H and fD, is an unbounded operator on H (in fact [17], it is also
essentially self-adjoint starting from the core of compactly supported test functions, with its w-resolvent set equal to
C\R). By the boundedness conditions on Ag and A1, fA can be relatively bounded on H by a constant coefficient
differential operator in 0., = f0O, of order one or higher. But since the O, -coefficients of fDs are bounded and
the second order coefficients even tend to positive constants as |r.| — oo, fDs can relatively bound any constant
coefficient operator of order two or lower, which hence includes fA.

Finally, we would like to record here another result that was actually already implicit in the examples presented
in [31, Sec.4.1], but not made explicit there. If we consider the Regge-Wheeler decoupling equation (18) with zero
right-hand side, then solutions constitute morphisms from D, ¢1 = 0 to Ds,¢p = 0. Such a morphism, if it existed
between different sy and s; it could be called a spin raising/lowering operator for radial modes. Such spin raising
and lowering operators are known to exist for angular modes [40] and their existence for radial modes would have
important applications. Unfortunately, explicit computation shows that the result is negative, at least when we
restrict ourselves to operators with rational coefficients.

Theorem 3.6. For w # 0 and for so,s1 € {0,1,2} there exist no non-vanishing morphisms between the equations
Dsodo = 0 and Dy, 1 = 0, with the exception of the identity morphism ¢o — ¢1 = ¢o when sy = s1.

The proof follows from direct computation, by using the methods of [31, Thm.2.4] to find all rational solutions
of the Regge-Wheeler decoupling equation (18). We have only done the computation for the above values of sg and
s1 because the location of the characteristic exponents of the equation depends on these spins in such a way that
the dimension of the corresponding linear algebra problem grows as O(|so| 4 |s1]). But it is likely that the above
result actually holds for all sg and s;.

3.1 Equivalence of Regge-Wheeler and Zerilli equations

We have defined the spin-s Regge-Wheeler operator Dy in (14). When s = 2, Dy is closely related to the so-called

Zerilli operator
A +3B = 2) (1 +3f1) +9f7 | w?
D¢ =0,f0,¢ — 0. 39
2¢ f (rb 7“2(Bl_2+3f1)2 + f ( )
In fact, the equations Da¢ = 0 and D5 ¢ = 0 are equivalent (in the sense of Section 2) for all values of w except the
algebraically special frequencies [14, 33] satisfying

o = (6wrfi)? + A? = (12Mw)* + A? = 0. (40)
This can be seen from the following equivalence diagram:

2
(12‘11»1) fe_

1

(1221)2]@ Z'Dz:. 7(12(}2“4]0 s (41)

@
! DF (12M)

\ !
\ /
N J{ 2 J{ /
N %C.;.f %
<7

[ ] [ ]
c_f

where

A 3f1

Ce = £0, + 12Mf+r(Bl—2+3f1)
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are the Chandrasekhar transformation operators [12, §4.26] [19, 22]. The validity of the above equivalence diagrams
may be checked by direct calculation, or can be seen more abstractly from the identities

(67

Dy =—C_fCy + W, (43)
Df = —CifC_+ ﬁ (44)

The necessity of the failure of the equivalence identities in (41) when o = 0 (due to division by «) can be
explained as follows. When o = 0, the two operators simplify to Dy = —C_ fC; and Dy = —Cy fC_. Reducing
each of them to a first order system gives the equivalences

c, 1 c. 1
Dy ~ f f | ~DF. 45
2 |: 0 C—:l ) |: 0 C+ 2 ( )
Then, using the same machinery that we applied earlier to upper triangular Regge-Wheeler systems (Theorem 3.6
and other results), one can conclude that (a) there are no non-vanishing morphisms between the equations C; ¢4 =0
and C_¢_ = 0 and (b) neither of the upper triangular systems above can be decoupled to diagonal form. On the
other hand, given (a), it is not hard to see that the existence of an equivalence Dy ~ D; would imply that both of

the above upper triangular systems decouple to the diagonal form [CO* CO_ }, which contradicts (b).

Thus, no manipulation will be able to get rid of the poles at o = 0 from the equivalence in (41).

Remark 3.3. Since both Dy and D;‘ are formally self-adjoint, while o and M are real, taking formal adjoints of all
the operators in the equivalence diagram (41) gives another equivalence diagram. The way that we have distributed
various factors of a and the adjoint identity C;. = C* makes the new equivalence diagram identical to the original
one, and hence the whole diagram formally self-adjoint. While we could have chosen to distribute various constant
factors among the operators in (41) in different ways, the choice of no prefactor for Dy and the self-adjointness of
the whole diagram dictates the coefficient W in front of Dy.

4 Tensor wave equations on Schwarzschild

Consider the exterior Schwarzschild spacetime (M, %g) of mass M > 0, where M = R? x S2. When (5?,9) is the
unit round sphere and (t,7), with —oo < t < 0o and 2M < r < 0o, are the Schwarzschild coordinates on the (R?, g)
factor, the exterior Schwarzschild metric has the following 2 + 2-warped product form:

dr? 2M

4 2 2
gi=9g+rQ, g=—f(r)dt"+—, f=1——. 46
() 25 - (46)
For convenience, we also define
2M
fl = rarf: o (47)

This is a vacuum spacetime (the Einstein tensor *G,, =*R,,, — %’"R‘lgw = 0 vanishes) describing the asymptoti-

cally flat region outside the horizon of a static spherically symmetric black hole of mass M.
The goal of this section is to write down the vector and Lichnerowicz wave equations

M, == *0v, =0 and Ep,, = *0p,, — Q‘IR(#)""I,)pAN =0, (48)

on this spacetime and to reduced them to their radial mode equations, with respect to spherical and time har-
monic modes. Eventually we will also show their equivalence to a simplified triangular system of Regge-Wheeler
equations (14).

For background, let us recall that the vector wave operator [ can be obtained from the Maxwell equation by
adding a term factoring through the harmonic (Lorenz) gauge fixing condition *V*v, = 0, namely

Do, =*V" (*"Vyu, — 'V,0,) + 4V, V70, . (49)

Similarly, the Lichnerowicz wave operator 2] can be obtained from the linearized Einstein equation by adding a
term factoring through the harmonic (de Donder) gauge fixing condition V*p,, = 0, namely

Epu = —24Gu[p] + 2V, VP, (50)
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where D, = puv — %p§ 49#,, is the trace reversal operation and 4(?#,, [p] is the linearized Einstein tensor, defined by
4G ultg +p] = *G L lp] + O(p?), keeping in mind that *G,, [*g] = 0 for the background Schwarzschild metric.

We will proceed by first using the covariant formalism of [34] for 2+ 2-warped products and spherical harmonics,
then by using Schwarzschild coordinates, then by presenting the ingredients needed to implement the general
decoupling strategy from Section 2, and finally by giving the explicit equivalence. The intermediate calculations in
the decoupling strategy are rather long, unenlightening and best performed by computer algebra. Thus, we present
only the final result, but along the way giving some guiding comments on how it could be reproduced. The reader
is referred to [29] where the intermediate steps were worked out in more detail for the vector wave operator [.

To start, let us briefly introduce the covariant 2 4+ 2 formalism from [34]. We use Greek indices, (u,v,...), for
spacetime or M-tensors, lower or upper case Latin indices, (a,b,...) or (4, B,...), respectively, for tensors on the
R? or S? factors. The tangent and cotangent subspaces of R? and S? are naturally identified with the appropriate
subspaces of TM and T* M, allowing us to map tensors from its factors to M. Thus, any spacetime tensor can be
decomposed into sectors with possibly mixed lower-upper case Latin indices, e.g.,

Vq v —
v, — L“UA] ;o w’ = [wh B, (51)

Note the extra factors of r, which make it convenient to raise and lower Greek indices with 49uw while their sector
components have their indices raised and lowered respectively by g, and Q5. This convention extends to higher
rank tensors by respecting tensor products. We define the following spacetime tensors by their decomposition into
sectors:

Gab 0 0 0
G — [ 0 0} , Qu — [0 QAB} . (52)

We denote respectively by V, and D4 the Levi-Civita connections on (R?,g) and (S2,€2). In terms of them and
the decomposition into sectors, the spacetime Levi-Civita connection is determined by

Vv rVav 0 0
4 aVb aVB | _ e = =
Vity = |:T‘DA"Ub 7"2DAvf] erva —TQQABT:”] , where 7o = Var = (dr)o. (53)
Now, working in Schwarzschild (¢,r) coordinates, we define t* = (9;)%, which is a timelike Killing vector. We also
introduce the notation t, = gupt® = —f(dt), and g4 = 2(dt)q(dr)y = —2f‘1t[arb]. Then r,7% = f, t,t* = —f,
and t* = —%pry. The Levi-Civita connection V, is determined by
f f
Vatb = 2f;6ab and va’l"b = igab. (54)

The respective Riemann tensors of the (R?, g) and (52, ) factors are

Raped = %(gacgbd — gadgse) and Rapcp = QacQsp — QapQpce. (55)

Finally, the spacetime Riemann tensor (computed in [30, Eq.(23)], for instance) is conveniently expressed as

fi fi
4R;UJ)\H - ﬁ(gu)\gwﬁ - guﬁgl/k) + ﬁ(QuAQun - Q;LKQV)\) - (Q;MQM - gll)\Q;uc - gquI/k + gquu)\)~ (56)

J1
2r2

Scalar spherical harmonics Y™, where [ = 0,1,2,... and —I < m < [ are respectively the angular momentum
and magnetic quantum numbers, are normalized eigenfunctions of the Laplacian on the unit sphere (52, Q), defined

by the conditions

DoDAY'™ = —1(I + 1)Y'™,
o (57)
(Ylm)* _ Yl(—m)’ <(Yl m )*Ylm> = 511 0mms

where we have used the short-hand (=) = [, €(—), with e4p the volume form on (52,2). Where no confusion
would arise, we shall regularly omit the [ and m indices from Y'™ and their coefficients. It will now be convenient
to introduce the notation

B = l(l + 1) and A; := (l - 1)l(l + 1)(l + 2) = BZ(BI - 2) (58)
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By taking covariant derivatives of the Y scalar harmonics and combining them with Q245 and €45, we can define
also vector and tensor tensor spherical harmonics:

B
Y4 := D,pY, Yap :=DaYp + EIQABY»
p (59)
Xa=epaDPY, Xap:=DaXp+ ?l'fABY-

The above definitions are chosen so that the following convenient orthogonality and normalization properties hold:

(Yt ) Y™ = Bidiidmm,

<(Xlém/)* X54m> = Bi0u10mm, <(Xlém/)* Y,flm> =0,
<(}/I;A’r§’)* Yzén];> = %&’lém”rm <(Yllm,QAB)* Y}{@ = 07 (60)
* m Al * m
(Xim)* XUE) = 5 O10m/m, (Xim)* YAR) = 0.

Note the consequent vanishing of Y{™ = X9 = Y% = X9% = 0 and Y} = X% = 0. The tensorial spherical
harmonics also satisfy the following eigenvalue and divergence identities:

DeDYy = —(B; — 1)Ya, DAY, = —-ByY,
DeDCX 4= —(B, —1)X 4, DAX 4 =0,
DeDYap = —(B, —4)Yap, D*Yap= —%YB, (61)
1
DeDXp = —(By—4)Xap, DAXap= —%XB.
1

Under the parity inversion of the sphere, all the Y-harmonics transform as Y + (—)'Y and so are called even,
while all the X-harmonics transform as X ~ (—)"*1X and so are called odd [36]. Our conventions for spherical
harmonics follow [34], whose Appendix A may be consulted for comparison with other conventions in the literature.

Remark 4.1. In the sequel, while working at the mode level, we allow ourselves the freedom of dividing by the
expressions w, By or A; in the mode parameters. The expressions for various radial mode operators will be valid for
any value of the mode parameters where they are well-defined, which might exclude w = 0,1 =0 orl = 1. These
singular cases would need to be investigated separately. However, since all expressions will be rational, it would be
sufficient to consider Laurent expansions in the mode parameters and just compare corresponding coefficients.

U

Harmonic dependence on time with frequency w will refer to being proportional to e** with time independent

coefficients.

Remark 4.2. We will use the convention that r and w™' will carry the dimensions of length, r—', w and 0, will
carry the dimensions of inverse length, while f, f1, B; and A; will be dimensionless. Clearly, by this convetion,
length dimension is additive under multiplication and composition of differential operators. For practical conve-
nience, upon radial mode decomposition, we will try to make use of only dimensionless differential operators, by for
instance inserting extra factors of w where needed.

Remark 4.3. Whenever we need to take a formal adjoint of a differential operator, we will follow the conventions

from Section 2.3.

4.1 Scalar wave equation

Before proceeding to tensor wave equations, for illustration purposes, let us first handle the simplest case of the
scalar wave equation
Mz := ‘0z = 0. (62a)

We first separate out S? dependence via spherical harmonics:

@z(t, 7)Y = % zY, where z=Wz(tr):=(V7?V, —B) 2. (62b)
r
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Then, we separate out the ¢ coordinate via harmonic time dependence:

2,.2
@z(r)e ™! = ze™ ™! where z=[0z2(r):= <6rf7"28r + wfr - Bl> z. (62c¢)
The last formula defines the radial mode ODE for the scalar wave equation (62a). Note that, to economize notation,
we have reused the symbol [0, though it changes meaning when acting on different function spaces, which should
be clear from context.
Note that the final expression for [@z(r) is formally self-adjoint, @* = [@. That is no accident, since we have
chosen our definitions such that the sesquilinear forms (with compactly supported y(r) and z(r))

/ cr / Yl m’ )* w t.z( )Ylme—iwt — 5l’l($m’m/ Ey(T)*eiw/tz(r)e—iwt
R2 S2 R2

o0

=27m6(w’ — w)él/lém/m/ dry(r)*@z(r) (63)

2M
all agree and are symmetric up to complex conjugation, because the original [0 operator is formally self-adjoint on
spacetime. We will follow the same convention in the rest of the section. This means that some of the components
of the radial mode equations in the tensor case might have spurious looking factors of B; or A;. Such factors
arise from absorbing the norms of the corresponding tensor harmonics and are needed to maintain manifest formal
self-adjointness of the radial mode ODEs.

The transformation

1
(bO = —wr Z, Z= = ¢07 (64)
wr
puts [0z = 0 in direct equivalence with the s = 0 Regge-Wheeler equation:
%o . 1 1 ) 1
——]= —D —Dy (— = — | [z
< o (iwr) 2 0®0, 2 Do (—iwr) ) O (65)

In the sense of Section 2 we have an equivalence of [@ with Dy, exhibited by the diagram

— 1
//71 ko - Twr K\\ - 1
ho=01 [0] ,‘;7,0:0 where [0 = EDO . (66)
T T
[ ] ——— [ ]
k{=iwr

Notice that the original operator [ is dimensionless. We have chosen to include various factors of w to keep all
the other operators in the diagram dimensionless as well. We will follow the same convention throughout all further
calculations.

Remark 4.4. Note also that the above equivalence diagram is self-adjoint in the following sense: @ = (@, @ = @,
hi = ho and hi = hg, while ko = (k{)* and k) = (ko)*. That is, taking formal adjoints of all operators in the
diagram, we obtain the same diagram. The various factors of i and w were chosen also to exhibit this property. In
particular, the powers of w in ko, k) and @ are not all independent. There is an obvious economy to self-adjoint
equivalence diagrams: the morphism need only be specified in one direction, with the inverse morphism recovered by
taking adjoints. In subsequent cases, we have succeeded in identifying a self-adjoint equivalences, but with slightly
modified notion of self-adjointness for the decoupled triangular form. It is not obvious to us at the moment why we
were successful in that sense and whether that is due to a fortuitous coincidence or a general pattern.

4.2 Vector wave equation

To present the radial mode equation for v, = 0, we follow the same pattern as in the case of the scalar wave
equation (Section 4.1).
The tensor spherical harmonic decomposition of a covariant vector field is

even + ,Uodd

Uy =0, s

lm Ylm

even N Z |: i ,rylm:| , odd N Z [ i Tle:| ) (67)
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For conciseness, as before, we will omit the lm indices. We first separate out the spherical harmonics (bold
coefficients) and then harmonic time dependence (Fraktur coefficients). We will need to use two conventions to
normalize the coefficients, which we distinguish by primes (recall that primes are decorations and not derivatives):

Y 0 (| nY 0 —iwt \ —iwt
Uy = [urYB} + [erB} o (LH“YB] T [mrXB} € )e ’

1 /aY 0 1 /aY O ) (68)
3 7 I , —iwt
o (gl g ) =2 (g g S

where v, = vy(dt), +v,.(dr), or v = v"(9;)* +v" ()"

With these conventions, again reusing the symbol [ at each stage of mode separation, we have

v, = Du,, (69a)
v vy [ Viur?VTet a orerb 2B vy 0|
{u’} = e {u} T {VmBlrQVmu} By [Bl ] + [ 2B;rb 0 w| T (=5 Biu| 0, (69b)
and w' = D,w := V,,Br’V"w — B/(Bw) + By(1 — f)w = 0, (69c)
/ 1,2 1.2
U/: 0 _87~?72ﬂ fart)t w2 Bl —?72" 0
o | =0 |op | = | Onfrifoeo, | + T Jroo,
W u 0, B2 fo,u " Byriu
0 1 Of [ve 0 0 0 vy
+iwr= =1 0 0] |v.| + |0 —=2f% 2B,f| |v.| =0, (69d)
0 0 O |u 0 2Bf Bifp u
2 Bl
and 1w’ =@, := 9, B;r* fO,w + <f —T2) By’ + Bi(1— fiv =0. (69e)

Our normalization conventions for the mode coefficients were chosen precisely to maintain manifest formal self-
adjointness, M} = @M, and @) = @,, at each stage of the mode separation.

Remark 4.5. Note also that these expressions are valid for all values of w and l. When Il =0, Yflfo = X‘lfo =0,
meaning that their coefficients are not well-defined. By consistency, the corresponding components of M, and [,
simply vanish.

Next, we will introduce the operators needed to decouple radial modes into pure gauge and constraint violating
modes, to set up the decoupling strategy from Section 2. The key identities hold already at the spacetime level:

@4VHy, =4VH @y, and @*V,z=1V,@. (70)
In addition, we have the composition identity
WY,z = [@z. (71)

Let us slightly modify the mode separation conventions from (68) to

v, s Y + 0 — v, Y 7uut
v urYp wrXg| v urYp mTXB
+

72
I v'Y 0 _ w oY o iwt (72
vt = %r—lyA + %T_IXA - 7,72 —1yA 1w’ —1XA )
and use in addition
. —iwt / Z/ w / —iwt
z=2zY =iw;Ye and 2=V =—3Ye . (73)
r r
Now we define the operators Ty, Ty, D1, D} and their successive mode decompositions:
z= 4V”vu =T [v,],
v v Ot 0t
z = Tle |:J:| = I:,r_izvb’l"2 —%] |:’ulj:| R 3= Tle 0, = |:% W”_Qa f’l" 7% v, y (74)
u u



U/b v/b D/t U/t
z’:T{e[ } = Lny, 1]{ } ¥ =T [or| =1 1o, —1] ||, (75)
u / /
u u
T{OZO,

v -1
Vg 1 rva
2] = ol Y] o] = ouli = £ s (76)
u wr
Dlo _Oa
vy, =V, = D|[¢],
v’ / / Tzva% / o 1o % 1 /
[u'} - 18[2]1:[ B }z, o = Dif3] == frzarm 3 (77)
T u/ ﬂ
Dio = 0.

The normalizations (including the extra iw factors) have been chosen so that all operators acting on radial
modes are dimensionless and the first two of the following commutative diagrams remain valid at each stage of
mode separation:

D+ T P,
« ———— e o ———— e e ———— o
Dp, =0 ; Dy, =0 » Doy - (78)
1 1 i
*« ——— o *« ———— o o« ——— o
’ !
Dy ! [‘I’/l 7A§’1le|

The last diagram holds at the radial mode level and shows the decoupling of gauge invariant modes. It decomposes
into independent even and odd sectors as follows:

B

i =0 —f fopr], Dg,, = —5D1,
w2
1 B
(I)/le = 2 [0 -5 7'287’%] , Doy, =— Z(Z};.l (79)
1 B
D, = —iwr, (I)/lo = T D<I>10 = iDlv A<I>1oTlo =0.
wr w?

We are now ready to give the full triangular decoupling of the even and odd sectors of the vector wave equation
v, = 0.
4.2.1 0Odd sector

This sector is structurally similar to the scalar wave case (Section 4.1). It is particularly simple; since it does not
contain any gauge modes, it is not constrained by the harmonic gauge condition and the operators ®q,, ®}, are
directly invertible. Thus, the transformation

1
— - 80
01 wrw, w ; Tqbl, (80)

puts @M,w = 0 in direct equivalence with the s = 1 Regge-Wheeler equation:

, <—1> o1 = (iwr) %’Dlaﬁl, %Dl (—iwr)w = <1> @,w. (81)

wr wwr
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In diagrammatic form, we have

/7‘ kl"_iu}zr K\
, B
ol @, i, o where 0, = ?Dl (82)
R
[ ] «— [ ]
k'lO:iwr

This equivalence diagram is self-adjoint in the sense explained in Section 4.1 for the scalar wave equation.

4.2.2 FEven sector

This sector is more complicated and is the first prototype for the abstract approach to triangular decoupling that
we outlined earlier in Section 2. All that we need to feed into it are the even sectors of the diagrams (78) and the
additional composition identities

TleDle = 0 and q)leDle = 0 [d. (83)

Hr,,

Since the implementation of our approach in this particular case was explained in detail in [29], we only state the
final result, which has only been slightly adjusted for the purposes of this work (the end of the section shows how).
The final decoupled triangular form is

vy 1 |Po 0 —7{% (Bz + %) ®o
@ v, | =0 < = |0 BD 0 ¢1| =0. (84)
u 0 0 Do o
[,

While [@, is obviously not formally self-adjoint, its equivalence with the formally self-adjoint I* survives in the
existence of an operator Y. effecting the equivalence between @, and I , namely O .21 = Y1, where

00 1
Sie=[0 1 0]. (85)
100

kie
° 4>,1 °
/7‘ Ele ‘ F\
hle{\ . e );Lle ) (86)
ok LS
| —
Kl
where
[—iwr iwrB; 7mr(gl+f) )
Igle = | o.r _Biy 2 _(Bz—f)%zaﬂs-‘ﬂf-‘rﬁ , (87&)
! fol2 20, Bi+ f wir?
! —+0,1° = B — 2o =t
B % _mTr _iwr(B;+f)
B 2
o= |fr?o,t  —fro, - f—(Bl—f)afg”f o E (87D)
B —rd.f-B — —BZllBl
1 0 0 0
he=—5— 10 1 0 |, (87c)
oo -4
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Bi—f Bi+f (Bitf)?

~ 2 2 4
hle = -1 BlT"l'f % (87d)
1 -1 B

while the remaining operators can be recovered from the identities
kre = Ele(ille)*v ie = Z16(12316)*7 (88)

where also ~ ~
h)lke = hlEa h’?{e = E1ehlezle- (89)

Remark 4.6. These last identities embody the modified sense in which the equivalence diagram (86) is self-adjoint,
in the sense discussed earlier in Section 4.1, bul with a twist provided by the matriz ¥1.. In fact, if we replace O,
by Y1 e, it is no longer upper triangular, but it is formally self-adjoint

(Elee)* = 21667 (90)

and the twist by ¥1. is no longer necessary. Since we place importance on the upper triangular form, we will not
take advantage of this replacement.

The above upper triangular form of @, allows us to classify all of its symmetries (or automorphisms in the sense
of Section 2). The key result is the absence of non-vanishing morphisms between the Regge-Wheeler equations Dy,
and Dy, , except the identity morphism when sy = s; (Theorem 3.6). This prevents the coupling of the Dy and
D; blocks by an automorphism. Also, the single non-vanishing (and non-removable) off-diagonal element in .
prevents the exchange of the order of the Dy blocks. Hence, any automorphism of [, must also be upper triangular,
with every non-vanishing matrix element proportional to the identity.

With the above logic in mind, the most general automorphism takes the form @, A = Adl,, with

al 0 b1
A=10 a 0, (91)
0 0 ay

parametrized by the 3 constants ai, b1, as. It is invertible when aq, as # 0.
With the above choice of k1. and kj., up to homotopy, we have the following equivalences of operators:

1
kleODleOz’oN 0 y k‘ooTleO/;JleN[O 0 1] (92)
0

Finally, for the record, denoting by (@), (ki)°'¢ and (k},)°'d by corresponding operators from [29], let us
note the explicit relations

B

0 0] _ ) ) 10 & ) ) 1 5
B 0| ()M, ko= (k) |0 1 0}, Kk, =(*.)"™]|0
0 1 00 1 0

0. (93)
1

1
.= |0
0

oo

4.3 Lichnerowicz wave equation

To present the radial mode equation for 2p,, = 0, we follow the same pattern as in the case of the scalar and
vector wave equations (Sections 4.1 and 4.2).
The tensor spherical harmonic decomposition of a symmetric covariant 2-tensor is

Puv = D"+ Pos
hlmylm lemylm
even ab a B
Puv =7 Zlm |:’I“ jimylm  p2 (KImQ pY + GImYim) | (94)

Im ylm
odd 0 Tha XB
Puv *Zlm thmxgm r2pm Xt |-
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For conciseness, as before, we will omit the lm indices. We first separate out the spherical harmonics (bold
coefficients) and then harmonic time dependence (Fraktur coefficients). We will need to use two conventions to
normalize the coefficients, which we distinguish by primes (recall that primes are decorations and not derivatives):

hcd Y jc TYD 0 hc TXD
Prxx — | .
~ Jd rYo T2(KQCDY+GYCD) hgrXc ho ’I“QXCD

— <|:hch jcrYD :| + |: 0 bchD :|> efiwt
jarYe r*(RQepY + & Yep) barXc bar’Xep

rab i .—1yB R’ —1yB 95
p/;w_>i2 "”h ‘ B v G’ + B!t A E}T XA ( )
r yen rTlY4 r2(KQABY 4 2% YAB) B roiX 27 r2XAB
1 plaby -1y B 0 vl —1xB )
) i v A —2(q@! ljllB o vapy| T Bt 1y A bB’l —2yvAB eim’
r ErOYS rARQMTY 423 VA7) BrOXY 22X

with  heg = he(dt)o(dt) g + th,«(dt)(c(dr)d) + hpr (dr) o (dr) g,
Je = je(dt)e + jr(dr)e,
he = hy(dt)e + by (dr)e,

96
or hab — htt(ﬁt)a(at)b +2htr(8t)(a(87~)b) + hrr(aT)a(gr)b’ ( )
3¢ =3'00)" + 37 (8,)",
h® = h'(0;)* + h"(0,)%,
With these conventions, again reusing the symbol 2] at each stage of mode separation, we have
P = Bpps (97a)
h/ab hed V2V R0 hat —4plagh)epd) 4B plaghle  gpapb 0 hed
il Je | o |Vm2Bir2NT g (2Bij% || 4Byt Crd) —8Byrere —ABrt 24| | je
K|~ 7| K| | Va2r2V"K Ul 2K 4yrerd —4Bre —4 0 K
G’ G Vo 4r2Vm G 4.q | 0 24;r° 0 Ay G
0 'gc(agb)d _ gabgcd 0 gab 0 hed
2B, 0 —Big* 0 0 Je | _
+ fl 4K - 2f1 gcd 0 —92 0 K|~ 0, (97b)
AG i 0 0 0 4| |G

el [he] | [Va2Br2VThe 2Bh) | [-8Byrare 2.47] [he
and [hg]_o I:h2:| = {vmglr?vmhz "Bl T oA A |k

2B, he ~Big* 0] [h] _
“n Lana| 2 [0 4[] -0 o

'h/tr' _htr_ i ar(—2r2]28,,htr) i I —27"2}?7, 1 _htr_
i’ Jt ar(*QlflTTfarjt) *21231%]} 00-1-50 0 0 it
rtt h 2 e 00 0O O0O0-B0 h
blrr —@ htt ,, 3r(522f&«htt) w? B 522}”’5 9 Jilto 0 0o 0 0 htt
h/ = | hrr | = 0,.(f22f00hpy) | T TR ferih.,. | — “*”"7 0 0 0000 T
; K| oK) 2K IR
i I 0, (2B, f1* fO,jr) 2B, f12 ] 00 0 00 0 ol

L& ] LG | 8.(A2f8,G) | | Au2q | | G ]

20250 _yp, 0 0 0 0 o | h.tr_
—4B, —ELL 0 0 0 0 0 Jt

2 F1U+4h) 24 Pt

0 0 Ly LD M 0 0 B
+ 0 0 —fuprn f(ffgsfz) C9f(3f1-2)  ABuf? 0 h[’r(’r =0, (97d)

0 0 n —2f(3f1—2) 4(2f1—1) —ABf 0 i

0 0 0 4B, 2 —4Bif  ABF(3f1-2) 2A,f é

L O 0 0 0 0 2A, f A 1 LY
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bt he 0, (=287 f,h) W B [ 2B
and |07 | =@ |hy| = | 0,(2B,fr fO,h,) +(f_r2> 2B, fr2h,
b2 ha Oy (4112 f0,ho) Ar2hy
5[0 =B 0] [ 480 0 07 [he
—2m71 B 0 Of |k +A | 0 4Bfafi-2) 2f| |h| =0 (97¢)
0 0 0 ho 0 2f 1 ho

These are our radial mode equations.

Remark 4.7. Note that the final radial mode equations are manifestly self-adjoint, @} = 2, and 21, = &,. These
expressions are also valid for all values of w and I. When | = 0, Yi70 = XIF0 = Yi30 = XI59 = 0, and when
I =1, Y3 = X7 = 0, meaning that their coefficients are not well-defined. By consistency, the corresponding
components of 2. and 2, simply vanish.

Next, we will introduce the operators needed to decouple radial modes into pure gauge and constraint violating
modes, to set up the decoupling strategy from Section 2. The key identities hold already at the spacetime level:

VYRlp, =0V D, BV, ="V0v,) and ‘g"Ep., =0'g" p,,. (98)
In addition, we have the composition identities
—_ 1
4V”4V(Nvu) = 51)“, and 4g’“’4v(uv,,) = 4V”v“. (99)
Let us slightly modify the mode separation conventions from (95) to

hch jc TYD 0 hc T'XD
Prxk —
H JarYe Tz(KQCDY-l-GYCD) hgrXc ho 7"2XCD

—iw hch je rYp + 0 bc rXp e—z‘wt
jarYe r?(RQcpY + B Yep) harXe b2r?’Xep

1 h/abY ﬁ TflyB 0 ﬂ,rleB (100)
plul/ — ) ./b By o’ + R'? A }?} AB
2\ [E Y (K QAPY 25 YAP) Por iXA 232 r72X
iw hlab Y JL; T*IYB 0 hB: TleB it
= 2| |, —1vA 2 AB o vaBy| T {0® —1va h’gl —oyaB| )€ )
r g YA T (RQAPY + 25 VAT BTOXY 220X

and in addition recall the conventions (72) and (73) for vector and scalar fields.
Now we define the operators T, T4, Do, D}, tr, tr’ and their successive mode decompositions (following the

same notational conventions as in Section 4.2):

v, =V, = Ta[p], (101a)
hcd h’Cd
Vo | _ jc o 1 %vb”j(h’ab - %gabgaihcd + gabK) 1 Tang _Bl(sg 0 0 jc
|:u:| = T25 K = r |: T%Vcrgjc + r _lg(’d 0 0 _% K | (101b)
G
-hc . 1 1 .3 A hc
w =Ty, _hrj == [ﬁv r —Q—Bﬂ ol (101c)
_htr_ _btr_
jt 1 2 wr 1 wr jt
Ot et 1 ;81'2}7 bi Z? 1 2 402 iwr 2 ° 0 bet
v, = Tge hrr = E 7 0 51?187‘ ngr f _767’7” . _Bl s (34 brr 5 (101d)
Ir )r
L O &
bt_ 1 . 1 A ht
w =T |br| = g (e Bt —4g] o] (101¢)
2| 2




vt =4V, =Ty ], (102a)
h/cd' h/cd
v'® )¢ 1 [2ré0¢V —6¢ 2r* 0 /¢ 1
_ T/ J - (c d) c J _ *
[u’} 2 | K’ or { 0 Ve B —2| | K’ T3 §D2"‘ ’ (102b)
G’ G’
h/c' h/c 1
I _ *
w' =Ty, [hg_ =5 [Ver —2] [h’z] (Téo = 2D20> , (102¢)
Ma/tr] Mp/trT
t
’ o
)
o't et ) F0.f -1 —2iwr 0 0 0 0 Bt
r _ / Irr pp— ;
o =Tg |77 = oo | iwr 0 ffo oo, -4 —2f -1 0| | (Tg’e = —IDSG) )
u & 0 —iwr 0 0 B, or -2| | & 2
] 3T
i 6/ ] ]Q5/
' (102d)
1t 1t
o =T, r?““ = ! [—iwr Opr —2] r?”" T, = —1py )
o , 2iwr T b/ 20 — 2 20 | > (1026)
2| 2
puw = —(*Vuv, +*V,v,) =: Dy |
1% nlv vipup . 2 ’U] ) (103&)
hap [7(Vavp + Vv,) 0 0
Ja v 1 rV,iu 11 6¢ 0
= Do, €l .= _Z ar _ a Ve
AN e e A .
G i 0 0 2
h,| 1[r2v,1
{hz} = Daow] := - 9 ’“] w, (103c)
(B ] _f’ra'r% —iwr 0 7
it 1 0 —iwr
Bt by 1 —2iwr —fif 0 by
b;{ = Dae |0y == 0 200, + 40 o, (103d)
: u 0 2f -5 u
r 0 1 720, %
| & | L 0 0 2
b 1 [ —iwr
= - 29 1 .
g; Daoto] Pl er 1; (103e)
P =~V + 4V”v"‘) =: D} [v'], (104a)
h'//c;b ) 'T3v(ari2vlb) _ %gabr?)vcr%,ulc 77,Cgab %gab
j _p v 2 rive L’ 2 | Bje 0 v'¢ , .
K’ 2e u’ r TSVCTLZ,UIC - r 0 0 u (D2€ = 2T26) ) (104b)
G’ i 0 0 e
h'e , 2 [rive
A I A A (1040)
L l
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'h/tr' _fr?’arr% % 0 T
i By 0 A
rtt 1t wr 1.9.1 _ 1 1t
b/ / U/ 2 '2f 2T Tf 2f U/ !/
07| = Dh |07 == | apng ||| (Dh = —2T5), (104d)
.{% u iwr —r30, % 0 u
j / 0 B, frio. L
Ea 0 0 2 ]
t roiwr
b//'r ! / 2 4f 1 / / *
h/ = DQO[I‘U ] = 7@ fT J?T,,T; 0 (D20 = 72T20) . (1046)
b L 55
For the trace operators again use a slightly different convention for scalars,
3Ye @t =2y =4gMp, . = tr[p], (105a)
_htr_ -htr_
hcd hcd ét r;t
Z=tr, |90 | = g 0 2 0 Je | 3 =tre hft =0 0 -5 f 2 0 0 hff ,
Ié Ié 7 R’ (105b)
ir jr
L 6 - - 6 -
tr, :=0;
vy 1 "
=3 Ve ™' = ﬁz’Y =Yg =t [p], (106a)
'h/tr' 'h/tr'
h/cd h/cd j/t j/t
, , J/c J/C h,tt 1 h,tt
2z =tr =gy 0 1 0 , =t [p™| =0 0 —f <+ 1 0 0 e
K’ [ ) K| el ! e (106b)
G G j/r j/’r’
6/ 6[
trl =0

The normalizations (including the extra iw factors) have been chosen so that all operators acting on radial
modes are dimensionless and the first three of the following commutative diagrams remain valid at each stage of
mode separation:

Do T> tr Do
e ———— S @ e ———— > @ e —— o e —— o
| ] | | |
DD2: ) DT2: ; Do =[0] > Do, -+ (107)
! [ ! ! ! ’
[ ) [ ]

—_— e *e ——— o o ————. o
T. (@, —Asym,]

The last diagram holds at the radial mode level and shows the decoupling of gauge invariant modes. It decomposes
into independent even and odd sectors as follows. The odd sector is described by the following radial mode operators:

A

Poo = [0 2f —froy], Da,, = =2 Ds,
“ (108)
o, — M [y 1 _2g i) A o A
20 )22 B, A YT D20T20 — flm
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Remark 4.8. The operator @, is indeed gauge invariant, ®o,0 Do, = 0. It is essentially the well-known odd sector
Regge-Wheeler scalar [8, Eq.(2.15)], whose decoupling was first identified in [30].

In the even radial mode sector, we could choose Dg,_ to be proportional to Dy as well, but the corresponding @4,
and @4, would be rather large and, at the same time, their complexity would obscure some important properties
that we would like to highlight. Instead, we choose Dg,, to be a 2 x 2 first order system, with corresponding @,
and @), that are simple? and satisfy the gauge invariance condition ®5, 0 Dy, = 0:

1 —f9,2 0 0 iwr _jup r@Bi-2+3f)
(I)Qe = f ! ! 4w22!—8 I ’ (1093)
0 diwr 2 0 f1 0 —%
1 [ 0 f 1 10 0] p [&BL
o wr f =t iwrf |:7 fl 0 — -1 1 -2 O:| 109b
27 Qiwr Llf £ 00 0 0 0} T ] I w0, (0
Mg m = ﬁ (4w2r2—Biéi)Tf;Q—zl(Bl—Q)f(szaT% — w2r?) Bzf1—2(2w2;2—(31—2)f) (ror + %) (B1f1 —4w2r2)(r23r% +2B7l)
2eTee = 4, _ (Bl72+3f1i;12+2(51*2)f ({éﬁ%) %(rar + %) %(ﬁar% + %)
B, iwv-(4w27-21612f1)(2f+f1) (61—2)gf1—2f) A 109
+Il (W2rP+f1£)(Bi—2+3f1) iwr(B—2) iwr(Bi—2) |’ ( C)
2f3 2f !
o Lo
Dq>2e = 1 " Tf‘|
marf
Bl [~ Bi2f + £1))? +8f(4w?r? — By)  LrUetrt(Bratd ) 0B — A RS EN) 109d
- AA w22 f _dwr(4w’r?(Bi—2+3f1) =3B, ff —Ai(2f+£1)) “’2’“2(51;22*‘3” ( )
7 f

We will now see that this choice of Dg,, is ultimately equivalent, with minor caveats, to both the Regge-Wheeler
operator Dy as well as the corresponding Zerilli operator D; [8, Egs.(3.30-31)] which is commonly used to decouple
gauge invariant perturbations in the even sector. More precisely, the equivalence is established by concatenating the
following equivalence diagrams, where the middle vertical arrow corresponds to a self-adjoint first order reduction
of DQZ

[ ] _ [} [ ]
4 l:‘”szz 87\7‘:|
1
Doy, al 7 ) 52—2 aDs (110)
LCOR S o
q [_Tar w2r2 1]
[ ] L] [ ]

where the operators in the first square are given by

B Aj(4wir?—2f(Bi—2—f1)=Bif1) _ A(Bi—2+3f1)—6(Bi—2)ff1
q:i=— l 2w2r2 ] 2iwr f ,
aA; | 2A1f — 3f1(4w?r? — Bify1) ——&Wfl(B}_HBfl)
g B [ HEREEERAoag - sp (- BiA) | {0 _1} ) [o 1]
= . 2.2 = )
A, Al(Bl_2+32J;1¢3r_f6(Bl_2)ffl _A(dw®r _QJ;(EZZT_QQ_fl)_BLfl) 1 0 1 0 (111)
— Al 1
LA
q B, q,

4Such a choice is also practically helpful for reducing the size and complexity of certain expressions in the computer algebra imple-
mentation of intermediate steps of our decoupling strategy.
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and « (Equation (40)) is the frequency dependent constant
= (12Mw)? + A7, (112)

which vanishes at so-called algebraically special frequencies [14]. Notice that o appears in the denominator of ¢ and
q, thus creating poles at the algebraically special frequencies, the only poles in frequency other than w = 0 that
enter the equivalence morphisms with eventual triangular decoupling of 2. (Section 4.5). The same constant o and
the poles created by it appears in the Chandrasekhar transformations that relate the Regge-Wheeler Dy and Zerilli
’D;r operators. We give a complete discussion of this relation in Section 3.1 and the necessity of these poles.

Remark 4.9. Using the Zerilli operator D;r (and its first order reduction) instead of the Regge- Wheeler operator
Dy in (110) results in equivalence maps that are free of poles at a = 0, the algebraically special frequencies (in fact,
free of all poles in frequency except w = 0). We have checked that this change also eliminates the « = 0 from the
equivalence morphisms with the triangular decoupled form in Section 4.5. However, a different undesirable property
appears. As is well-known and can be explicitly seen from our discussion in Section 3.1, both the Zerilli operator
’D;r and the corresponding decoupling morphisms from B, contain r-dependent poles in the angular momentum
quantum number . This means that the corresponding radial mode operators cannot be easily interpreted as the
mode separated form of differential operators on spacetime. On the contrary poles at « = 0 (since it is a constant
independent of r and depending polynomially on w and B;) do not prevent us from finding such an interpretation
in terms of differential operators on spacetime (Corollary 5.2). Also, besides being simpler, we already have a good
understanding of Do with respect to Section 3, while the analogous treatment of D;‘ would have to be done separately.
For these reasons, we refrain from using the Zerilli operator in this work.

We are now ready to give the full triangular decoupling of the even and odd sectors of the Lichnerowicz wave
equation 2lp,,, = 0.
4.4 0Odd sector

This sector is structurally very similar to the even sector of the vector wave equation (Section 4.2.2). The only
thing that we need to feed into the decoupling strategy of Section 2 are the odd sectors of the diagrams (107) and
the additional composition identities

1
TQODQO = ﬁgl O and (I)QODQO = 0 O. (113)
S—— Ha,,
Hr,,
The final decoupled triangular form is

hy 9 B, D, 0 ffl%’z Py
@ |he| =0 = —S | 0 AD, 0 Yy | = 0. (114)

ha 0 0 BDi] [V

O

While 21, is obviously not formally self-adjoint, its equivalence with the formally self-adjoint (2 I survives in the
existence of an operator Yo, effecting the equivalence between I and I , namely 2 B 0D = 220. where

0 0 1
Yoo =10 =1 0]. (115)
1 0 0
The precise equivalence identities take the form
k2o
| e—
/7‘ k2o F\
ol B, B, oo (116)
R
20



where

M. B iwr(ST%B,-fl Fr34A 4338 f— )
B wr Z(.U’I”T . ISBZ
— (B,-2) 3f1w2r2—rdr f(A =3F(3B1+2£1))=6A f=3Ff1 (TB; —2(3f = f1)) | ——
k2o —rd,  —l T%arﬁ ! ! ! 18151f ! — . w2r2’ (117&)
_o _9f g 3_20B1—2 _ 30rf2Bi+ 1)+ A 3B (f=2f1)+ /1 (2F = f1))
L r2 3 9B,
[ iwr iwr iwr (30 £ F149B f+A;)
! 3f 188, 1
1. r2w24l r B — r2_ - - &
kJQo _ Tgfau% fﬁ;ﬂ _3f1 +1orf(37(3B;+2f1) Al)lsBlA"(Zf f1)—6F(2B,(3f+f1)+3ff1) , (117b)
By—2  30r-fr+(B;—2) Ay (3f+B,—2)+3r20, f(24,+(B;-2) f1) L
- 2 6 368,
1 0 wr fy 0
ho, = s —iwrfi 2(3B,+2f1) —-2f1 , (117¢)
12Bl wer 0 —2f 24Bl2f
1 A,
1 1 _22-9/)-B _249f  2-9f  49-102f1—57/%]
- 36 108 648 1 36 108 48
hao = | 0 1 I S i 5%y
2.4, 108 B, 23 18 108
0 0 L 1 _1 _249f
36 2 23 36 |
_1 _ 1 _33£-20 W2r2 24211 (3f+f1) T
fif |76 36 216 2|00 — =
+Gr |00 3% | tg |00 0 ; (117d)
Lo oo -3 tlo 0 0
while the remaining operators can be recovered from the identities
7./ * !/ 7 *
koo = EQO(kZO) ) k2o = Z20(]620) ’ (118)
where also
* *
h20 = h207 h20 = 220}120220- (119)

When it comes to the properties of diagram (116) with respect to taking formal adjoints, Remark 4.6 applies here
equally well, with appropriate transposition of notation.

The above upper triangular form of 2, allows us to classify all of its symmetries (or automorphisms in the sense
of Section 2). The key result is the absence of non-vanishing morphisms between the Regge-Wheeler equations
Ds, and Dy, , except the identity morphism when sg = s; (Theorem 3.6). This prevents the coupling of the Dy
and Dy blocks by an automorphism. Also, the single non-vanishing (and non-removable) off-diagonal element in 2,
prevents the exchange of the order of the D; blocks. Hence, any automorphism of 2], must also be upper triangular,
with every non-vanishing matrix element proportional to the identity.

With the above logic in mind, the most general automorphism takes the form 2,4 = ARl,, with

aiq 0 b1
A=10 ay 0], (120)
0 0 ay

parametrized by the 3 constants aq, b1, as. It is invertible when aq, as # 0.
With the above choice of kg, and k%, up to homotopy, we have the following equivalences of operators:

k2o © Doy 0 k1o ~ k1o 0Too0 koo~ [0 0 1]. (121)

O O =

4.5 FEven sector

The even sector of the Lichnerowicz wave equation is by far the most complicated case of those we presented in
this work. It requires the full arsenal of tools that we have outlined in Sections 2 and 3. If one blindly attacks it,
even with the systematic strategy of Section 2, the intermediate formulas can easily become very large, significantly
slowing down even computer algebra calculations. So, before giving the final result below, we first make some
comments about how we implemented the decoupling strategy.

1. We start by taking full advantage of the simultaneous decoupling of both 75, and tr from I, and the relation
tre 0 Doc[v] o The[v]. Namely, we add extend the gauge fixing condition Tz[p] = 0 by tr[p] = 0. So the choice
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of pure gauge, constraint violating and gauge invariant modes that we feed into the strategy of Section 2
corresponds to the diagrams

tre
Do, Toe Doe

e ———— o e ——— o e ————— @
\
. | | ‘

. ) 2. » [ ['%l ] ) tre Doy, » (122)
Te e

Lol v T

e ——— o e ———— o e ———— @

(D5, o {tr;] (@, 0 —Aaym,

and the composition identities

e

0 010
i, 0 [
ToeDoe = 0 1 010 , treDoe = [0 —2] e , and ®gcDoe = [0 0] e .
w2r2 0 6 1 0 le —— Tle —— Tle
B, Hir, Ha,,
HT2e

(123)

. Note that by the results of Section 4.2.2, {} is clearly equivalent to the diagonal operator [T())O BLQDl } We

use this equivalence to simplify the first diagram above before proceeding.

. Next, we need to simplify the joint system B.p = 0, ®o.[p] = 0, tr[p] = 0 and Tr.[p] = 0. It is of mixed
second, first and zeroth orders. We reduce it to mixed first and zeroth orders only as follows. We use (2], to
eliminate second order derivatives from 9, T5., giving us six independent first order equations. Adding to the
list the first component of ®o., we get seven independent first order equations, from which we can solve for
the first derivatives of the seven metric components hy., ji, Ry, her, K, j» and G. Using these first order
equations to eliminate all derivatives from O,tr, we get a zeroth order equation. Including also tr itself and
the second component of ®5., we get three independent zeroth order equations.

. Next, we use these three zeroth order equations to eliminate the h,., hy; and h,.. components completely. The
choice of these three components is dictated by the simplicity of the denominators needed for the inversion.
What remains is the following first order system for the remaining four metric components:

or B W2 4B 20 —Bi(Bi—2f) )
T wr wr 2iwr t
2iwr 19 .3 B _ 4wir?4+Bi(Bi—2f)
7o =g B 17 Kl _y, (124)
iwr 1 19 T‘Sf _ B2 Jr
f2 {' fT'2 I 2fB
0 ? —2 r@r + ﬁ

. The above 4 x 4 first order system is then equivalent to the 2 x 2 second order [%0 Bl%l ] In one direction,

the equivalence is given by the appropriately modified Ds.. Obviously, the 2 x 2 second order system can also
be reduced to a 4 x 4 first order system, while homotopy equivalence reduces the morphism induced by Ds,
to a zeroth order operator (a 4 x 4 matrix, in fact) between these two first order systems. This 4 x 4 matrix
is invertible and its inverse, after undoing the order reductions, gives the equivalence in the other direction.

. In the above steps, the various eliminations of components introduce divisions only by w, r and f, except
the final 4 X 4 matrix inversion, which introduces division by B;. Whenever encountering choices, e.g., which
components to eliminate, we are guided by the desire not to introduce other factors into the denominators,
in order to keep the intermediate expressions in the calculations more manageable.

. From this point on, it is enough to continue blindly following the strategy from Section 2 to end up with
a block upper triangular form of 2. At this stage, the diagonal blocks are not all proportional to Regge-
Wheeler operators Dy, but include also [@, . and Dg,,. Now we can use the results of Sections 4.1, 4.2.2
and the equivalence (110) to transform each of these blocks themselves to upper triangular form (using the
transformation rules from Lemma 2.1), now with only Regge-Wheeler operators on the diagonals.
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8. It remains now only to apply the methods of Section 3 to systematically simplify the off-diagonal components
of the above upper triangular system. Practically speaking, it turns out to be convenient to first decouple
the Dy equations from the rest, then the D; equations from the remaining Dy equations. Within each still
coupled block, it is convenient to complete the simplification by going through successive super-diagonals.

The final decoupled triangular form (recalling the definition of « in (40)) is

he 2 0
jr Do 0 -L(B+4) o L(B+E) o Lhas+2) z
t 2 1
58] f1
htt 9 0 B;D; 0 0 0 -z , 0 , ¢6
Ee [hy| =0 = -5 |0 0 Do L 0 0 BFBHGF) | |gy| =0.  (125)
w2 o o 0 a A D2 0 0 0
K 0 0 0 0 Dy 0 —L(m+d)| |XO
Jr 0 0 0 0 0 B,D; 0 X1
G 0 0 0 0 0 0 Do Xh

Remark 4.10. At this point, it is worth noting that Equation (125) is the first appearance of the full triangular
decoupled form 2, in the literature. Previously, the original investigations in [8] had only produced the (¢, 1, P2)
subsystem, without studying how it couples to the remaining degrees of freedom. A similar remark can be made
about 2, from Equation (114).

While [, is obviously not formally self-adjoint, its equivalence with the formally self-adjoint [2 I survives in the
existence of an operator Yy, effecting the equivalence between Bl, and I , namely [2 2, Yo, = Ege.e where

0 0 O 0 0 0 1
0 0 O 0 0 1 0
0 0 -1 0 0 0 0
Yoo=10 0O 0 -1 0 0 O (126)
0 0 O 0 -1 0 0
01 0 0 0 00
1 0 0 0 0 0 0]
The precise equivalence identities take the form
k2e
| Jp—
/7‘ ‘ k2e ‘ N\
hZe{\ 21, e )ﬁge ) (127)
oowe LS
2e

where the (rather lengthy) explicit formulas for ko, kb, and hoe, hae can be found in Appendix B,® while the
remaining operators can be recovered from the identities

er = 226 (%§e>*7 kée = 226 (152e>*7 (128)
where also ) )
;e = h263 ;e = 226h26226' (129)

When it comes to the properties of diagram (127) with respect to taking formal adjoints, Remark 4.6 applies here
equally well, with appropriate transposition of notation.

Just in the case of @, (Section 4.4), the above upper triangular form of @, allows us to classify all of its
symmetries (or automorphisms in the sense of Section 2). Following the same logic, the most general automorphism

5While undeniably lengthy, the formulas in Appendix B are relatively compact. Analogous formulas in [8, Apx.A] take up 10 pages
and correspond only to the ¢g, ¢1 and ¢2 columns of our ka. operator.
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takes the form Bl, A = Ae, with

apg O co + do 0 co — € 0 go
0 aq 0 0 0 bl 0
0 0 %(bo + ao) 0 %(bo — ao) 0 c¢o—dp
A=0 o0 0 az 0 o 0 |, (130)
0 0 4(o—ag) 0 i(bo+ay) 0 co+eo
0 0 0 0 0 ay 0
0 0 0 0 0 0 a |

parametrized by the 9 constants aqg, by, co, do, €9, go, @1, b1, as. It is invertible when ag, by, a1, as # 0. Note that it is
allowed to deviate from upper triangular form by mixing the two inner Dy blocks.
With this choice of ko, and kb, up to homotopy, we have the following equivalences of operators:

Srtroke~[0 001 0 1 0 0], (131a)

Lo
01 0
00 1

kQSODgeOiﬁeN 0 0 0 , (131b)
00 0
00 0
00 0 |
000010 Bt

k/’leOTgeO/;’QeN 0 00 0 01 0 . (131C)
000000 1

Note that the adjointness properties of the equivalence diagram~(127) do not uniquely fix the operators ko
and k.. It turns out that a subfamily of (130), the symmetries of (., respects the adjointness properties of the
equivalence when A~! = ¥5.A4*Y,,.. This constraint is satisfied for instance by the family ay = a1 = by = 1,

do = eg = 0, and go = 2. The remaining ¢y parameter may be uniquely fixed by requiring that the operator

wWwr

equivalent to *§"tr involves only the two inner spin-0 components ¢, and xo, and the operator equivalent to D,
has the right sign. No other ambiguity remains after that.

5 Results and Applications

Here we summarize the main results of Section 4 in a concise theorem (Theorem 5.1). Then, we state several

corollaries that follow straightforwardly from the main theorem. Their purpose is to highlight what we believe to
be some important applications of our results. There are of course further potential applications that require less
straightforward consequences of Theorem 5.1. They will be pursued in future works.

Theorem 5.1. Let E be one of the @, @,, 0., &, or B, operators (the systems of radial mode equations for the
scalar 0z = Oz = 0, vector Mv,, = Ov, = 0 or Lichnerowicz 2p,, = Upy, — 24R(#,),‘fp>\n = 0 wave equations on
Schwarzschild of mass M, mode separated as described in Section 4, in either the odd or even sector). Then the
following is true:

(i) With respect to the Schwarzschild radial coordinate v, E is a rational ODE, with singular points only at
r=0,2M,00. E also depends polynomially on the frequency w and angular momentum B; = 1(l + 1) spectral
parameters, as well as the mass parameter M.

(i) There exists a rational ODE system E in upper triangular form and an equivalence diagram (Section 2)

(132)



such that the diagonal of E consists of Regge-Wheeler operators Dy (up to constant, w- and Bj-dependent
factors), while the equivalence maps are rational differential operators of order at most 1 and poles only at
r=20,2M.

(iii) The equivalence and homotopy operators in (132) depend rationally on w and Bj, with poles only at w =0 and
B; = 0,2, respectively, with one exception. The exception is the case E = 2., where some of these operators
have additional poles at the algebraically special frequencies w = £1 1“24]{/1 In that case, using the Chandrasekhar
transformation (Section 3.1) to replace the Regge- Wheeler operator Do by the Zerilli operator D; in E removes
the poles at the algebraically special frequencies at the price of introducing factors of (B —2+3f1) in some of

the denominators in the equivalence diagram.

(iv) The equivalence diagram (132) has finite limit as M — 0. E becomes diagonal in that limit.

v) The non-vanishing off-diagonal elements of E can all be put into the form Lol 4 Ay (r Or, with Ag(r) and
!
A1 (r) uniformly bounded on r € (2M, c0).

(vi) The rows and columns of E can be permuted such that it remains upper triangular and block diagonal with
respect to blocks of equal s of the Regge-Wheeler operators Dy. The most general automorphism of E takes
the form EA = AE, where A is a constant matriz that is block diagonal with respect to equal spin blocks and
is upper triangular within each such block, with the single exception of the s = 0 block when E = 2.

(vii) There exists a constant matriz 3, with Y2 = id and * = X, such that ©E is formally self-adjoint, (EE)* =
YE.

In each of these cases, the upper triangular Regge- Wheeler system has the following form

(a)

E=0 — E-= %DO, (133a)

w

(b) 3
E=0, = FE=-1D, (133Db)

w

(c)

E=0. = E=—|0 BD, 0 : (133c)

(d)

E=8, = FBE=-—=|10 AD, 0 |, (133d)

Dy 0 -L(B+3) o L(B+L) o 57122(7&”)

0 B/D: 0 0 0 - 0
- 9 Ty i
E=0, = E=--|0 0 Do 0 0 o L(m+d) |, (133¢)
w?2 | o0 o 0 @A Dy 0 0 0
o0 0 om0 e
0 0 0 0 0 B,Dy 0
0 0 0 0 0 0 Dy

Proof. Section 4 gives a detailed presentation of the explicit formulas for the operators in the equivalence dia-
gram (132) for each case being considered, from which the existence of the diagram (132) of course follows. The
rest of the theorem is simply a summary, collected here in a way convenient for future reference, of properties of
these operators that can be gleaned from their explicit formulas. O
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Corollary 5.2. (a) It is easy to see that, reversing the mode separation performed in Section 4, each the trian-
gular systems 0,, @, 21, and 2. constitutes the radial mode equation of a triangularly coupled system of scalar
spacetime differential equations. The diagonal components of this system consist of the spacetime version of Regge-
Wheeler wave equations, possibly multiplied by a polynomial in the spherical Laplacian D2 D* and 0, with constant
coefficients.

(b) By similar arguments, the morphisms k,k' and k,k’ from (132) can be promoted to spacetime differential
operators, possibly after being multiplied by a constant coefficient polynomial in B; and w of sufficiently high degree.
These spacetime differential operators will effect a morphism between the original harmonic gauge tensor wave
equation and the triangular system of Regge- Wheeler wave equations from (a).

(¢) The systems of Regge-Wheeler wave equations from (a) are self-adjoint on spacetime after composition with
the X operator from Theorem 5.1(vii). Hence they possess a variational formulation.

Remark 5.1. Note that Corollary 5.2 cannot hold for the Zerilli form of B, mentioned in Theorem 5.1(iii), because
no spacetime differential operator has a radial mode decomposition with Bj-dependent factors like (B — 2+ 3f1) in
the denominator.

When F is one of [0, @,, ., 2], or &2, both it and its decoupled triangular form F are rational ODEs with a
regular singular point at » = 2M and an irregular singular point at r = co. Hence, for each system, and at each
singular point, using the methods of asymptotic analysis of ODEs [44], each solution can be uniquely identified
by its asymptotics. Hence, the equivalence morphisms of Theorem 5.1 must be bijective on these asymptotics.
Moreover, since these morphisms are differential operators, they can be applied to the asymptotics directly, without
knowledge of the full solution. This means that if we know the connection coefficients between the singular points
at r = 2M and r = oo (essentially the transmission and reflection coefficients for incoming and outgoing waves)
at frequency w for E. the equivalence morphisms transfer them to the corresponding connection coefficients for F.
This argument of course works only when the equivalence morphisms are well-defined, which excludes [ = 0,1 in
some cases and w = 0, as well as the algebraically special w = +1 1“241’\/1 in the case F = B&l.. But these excluded
cases can be studied individually. For instance, for the algebraically special frequencies, it is sufficient to replace
the Regge-Wheeler operator Dy with the Zerilli operator Dy in 2, as pointed out in Theorem 5. 1(iii). Forw =0
and [ = 0,1 one can get more information by studying the coefficients of the Laurent expansion of the equivalence
morphisms. Thus, we arrive at

Corollary 5.3. Forw # 0 andl > 2, the equivalence morphisms from Theorem 5.1 are bijective on solution asymp-
totics of E and E near r = 2M and r = co. Hence, the connection coefficients between the solution asymptotics for
E are equal to those of E modulo the latter bijections.

A Debye potential is a differential operator that maps solutions of a simple auxiliary PDE equation (typically
a scalar wave equation with a potential) to solutions of another PDE of interest (typically a more complicated
tensor wave equation), with the usual additional requirement that the image solutions are non-trivial (typically
not pure gauge, in an appropriate sense). In the terminology of Section 2, a Debye potential a special kind of
morphism between PDEs. Debye potentials for Maxwell and linearized Einstein equations, on both flat and some
curved backgrounds (including black hole backgrounds), have been known for some time, but have also gained some
attention more recently [41, 43, 4, 3]. In the case of black hole backgrounds, the Debye potentials for Maxwell and
linearized Einstein equations typically give solutions in some version of radiation gauge [41, 43], which is adapted
to the algebraically special nature of these backgrounds, but may not be optimal for other purposes. The recent
work [28] produced a Debye potential in a (non-local) generalized harmonic gauge. Of course, a solution in one
gauge can be (at least locally) transformed into any other gauge, but it is by no means obvious when such a
transformation can be done by a differential operator. With that in mind, we draw attention to the next corollary
(first implicitly obtained in [8]):

Corollary 5.4. On the exterior spacetime of a Schwarzschild black hole, there exist spacetime Debye potentials
generating solutions of (a) Mazwell equations in harmonic (Lorenz) gauge and (b) linearized Einstein equations in
traceless harmonic (de Donder) gauge, starting from solutions of Regge- Wheeler wave equations of appropriate spin.

Proof. From Theorem 5.1, it is clear that the spin s = 1 components decouple from the other components in @,
and ., so they satisfy independent Regge-Wheeler equations. Hence, the corresponding columns of the kq, and k1.
operators, once promoted to spacetime differential operators as in Corollary 5.2, are Debye potentials for the vector
wave equation @. However, the composition properties of ki,, k1. with T,, To. (as computed in Sections 4.2.1
and 4.2.2) imply that the image of the Debye potential is annihilated by the spacetime operator 7. In other words,
the Debye potentials actually generate solutions of Maxwell equations in harmonic gauge. For linearized Einstein
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equations, the discussion is completely analogous, starting with the Debye potentials for the Lichnerowicz wave
equation generated by solutions of Regge-Wheeler equations of spin s = 2. In that case, the composition properties
with 75 and tr operators (as computed in Sections 4.4 and 4.5) imply that the image of these Debye potentials is
both harmonic and trace free. O

One might notice that the explicit form of the triangular Regge-Wheeler systems in Theorem 5.1 gives much
more detailed information about the off-diagonal elements than point (v) of the theorem. But the reason we have
phrased it like that is draw attention to the following almost immediate

Corollary 5.5. Let E be one of I, l,, e, B, and &, from Theorem 5.1. Then, supposing that Eisannxn
operator matriz, the bounded inverse E~1: L?(2M,c0; f dr)®" — L%(2M, oo; %)@" exists for any value of w for
which the bounded inverse Dy*: L?(2M, oc; f dr) — L%(2M, oo; %) also exists.

The corollary follows from a direct generalization of Remark 3.2 to larger operator matrices.

As pointed out in Remark 3.2, the novel results of Section 3 concerning the cokernel of the differential operator
in (18) are crucial for guaranteeing the possibility of choosing the off-diagonal elements to be relatively bounded
while simplifying an upper triangular Regge-Wheeler system. In practice, we have found that at the initial stages
of this simplification, which is part of the general strategy of Section 2, the off-diagonal elements were generally
not relatively bounded. Using only the results from [31] about the solutions of (18), it would have been impossi-
ble to decide a priori whether those off-diagonal elements not simplifiable to zero would have relatively bounded
representatives.

From Corollary 5.5 one can essentially conclude that all the properties of the resolvent £~ (like its dependence
on w), and by equivalence hence also of E~!, can be deduced from the properties of the resolvent D; !, which has
been very well studied. In particular, we can conclude that the w-spectrum of each E in Theorem 5.1 is purely
real, as it is for Dy [18], once the relevant function spaces are chosen to respect the equivalences that we have
constructed. This information is an important starting point for the integral representation of the solutions of the
corresponding Cauchy problem and of the large time asymptotics of such solutions [18]. It is also crucial for the
explicit construction of propagators in quantum field theory [20, 7, 10].

6 Discussion

Inspired by previous more ad-hoc work [8, 37] on decoupling the radial mode equations of the vector wave and
Lichnerowicz wave equations on the Schwarzschild spacetime, in [29, 31] we have initiated a research program
of finding a systematic approach to the problem, as well as simplifying and extending the results. This work
completes part of our program, which consists of successfully applying the developed methods to both the odd and
even sectors of the Lichnerowicz wave equation on Schwarzschild. The results include explicit formulas for reducing
the complicated mode separated radial equations to a triangular system of sparsely coupled spin-s Regge-Wheeler
equations, by separating the degrees of freedom into pure gauge, gauge invariant, and constraint violating modes.
Our systematically derived results extend those of [8, 37] because these earlier works did not attempt to uncover
the full triangular structure of the decoupled equations or their maximal simplification (in the context of rational
ODEs).

Our main results are summarized in Theorem 5.1 in Section 5, where we also list a number of quick corollaries
that indicate important applications of our results to the spectral analysis of electromagnetic and gravitational
perturbations of the Schwarzschild black hole in harmonic gauges. One application that we intend to pursue in
future work, by leveraging the well-understood spectral theory of Regge-Wheeler operators [18], is an explicit mode-
level construction of the retarded/advanced Green functions for these perturbations. Such a construction is a first
step toward classical stability analysis and the construction of quantum field theoretic propagators. The absence
decoupling results, such as ours, have so far constituted a great obstacle in these applications.

An open question is whether our decoupling strategy could be applied to Kerr black holes, where so far the
harmonic gauges have received very little attention. The main obstacle to a direct generalization seems to be the
lack of a complete separation of the vector wave and Lichnerowicz wave equations on the Kerr background. Other
than that, the basic ingredients that would allow the separation of the modes into pure gauge, gauge invariant,
and constraint violating already exists. After all, metric perturbations are related to pure gauge and constraint
violating modes by the same covariant operators on any spacetime, while the role of the Regge-Wheeler equations
satisfied by gauge invariant field combinations can be played by the Teukolsky equations [12]. This question should
be addressed in future work.
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A Tensor spherical harmonics

Here we compare our conventions and notation for mode decomposition into spherical harmonics, summarized
in Section 4, to other closely related work in the literature. For convenience of notation, we omit the angular
momentum spectral parameters Im where it causes no confusion.

Any spherical harmonic decomposition of vectors and symmetric 2-tensors takes the form

4 10
v, = Z Z v(i)lm(r, t)Ylfi)lm and pu, = Z Zp(i)lm(r, t)Ylff,)lm, (134)

Im i=1 Im i=1

which corresponds in our notation to

v =y, vl

= w,
Yo {(dt())aY]’ ve [(dr())ay} YO {7‘10/,4] LY L ;A} 7 (135)
and
P = hu, P = ji, P = hu,
) - [P0 Sy [0 @] [0
P = hy,, ¥ =K, P9 = jr,
Y = [(dT)a(OdT)bY 8} ’ Y = 8 TQQgBY] ’ Y |:(d7’)(lj7’YA (dr)STYB} " (136)
N el Y _8 7339,43} ’

p(S) = hy, p(9) = h,, p(10) = ho,
v = [(dt)?TXA (dt)%TXB] = :(dr)SrXA (dT)%rXB] T [8 7’2)243} '

Our conventions on the definition of the spherical harmonics Y, Y4, X4, Yap and X ap are taken directly
from [34], where they are compared to spin-weighted and pure spin harmonics in [34, App.A]. However, our nor-
malizations for the coefficients differ by some factors of r [34, Egs.(4.1-5,5.1-4)]:

M=, QT = v, ENG = Tu, &g = T,
high = hee, by’ = hoey byt = hep, G20 =g, 2 =g, KMY =K, GV =G, (137)

' =rhy, B =rhe, by =r?hy.
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The conventions for the spherical harmonics used in [5, App.A] are different. In their notation [5, Eq.(8)], the
trace-reversed metric perturbation p,, = p., — %pﬁ 49,“, is expanded as

10 (B 2)
_ I — —(2)lm i i)lm
Puv = Z Z 77" p( ) (7“, t) a( )t BLYN(V)Z R (138)
Im i=1

where they factored out some normalizing constants a(¥' from their basis. The relation of their basis to ours is
the following, which can be read off by comparing the corresponding coordinate formulas in [34, App.A] and [5,
Eqgs.(9,10),App.A]:

1) BL 1 3) 2 4) 8) BL 9 8
a® By = Y 4 P a® P = ~55 Vi
@ BLy@ _ {0 © BLy© _ Iy
a puro T 2 pv oo a uu__28l N2
1 1
3) BL 3) 3 —2 4 10) BL 10 10
a® YLEV) - §[YM(U) —f YM(U)L a(10) Yu(u ) — ~oi Qy( )
1
4) BL 4 2
o Bly @ _ 5, (139)
-1
() BLyG) _ Iy (6)
“ W= gy
1
6) BL 6) __ 5
a® Ly (© — gy;fu)»
7) BL 7
a? Py = ﬂ”ﬁfv*

B Operators for the Lichnerowicz even sector

Below, we give explicit formulas for the morphism operators ks, k5, and homotopy operators ha., hoe that appear
in the equivalence diagram (125) in Section 4.5. The morphism operators are first order. Hence, they can be written
as

) 1

Fioe _k(l)i O + kY and Kk, =k —0, + 1. (140)

Let us denote by C and C the coefficient matrices of 92 in @, and 2, respectively. They are clearly diagonal and
invertible. By comparing the highest order coefficients in the identity Bl ks, = kb 2., we find the relation

cks = ke, (141)

which means that there exists a matrix K such that

Y =K and kY =c ke (142)
More explicitly
[—2f 0 0 0 0 0 0 ] 1 0 0 0 0 0 O]
0 —-2B, 0 0 0 0 0 0 B, O 0 0 0 0
0 0 f* 0 o0 0 0 o gp[000 1 0 0 0 0
cC=r*|0 0 0 f* 0 0 0 and C=—-=510 0 0 aAd 0 0 0|, (143)
0 0 0 0 2f 0 0 “lo oo 0o 1 0 0
0 0 0 0 0 2Bf* 0 000 0 0 B 0
0 0 0 0 0 0 @ gf 0 0 0 0 0 0 1]
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—2irw
0 —irw
Rt
2f
f(f+1)
2

while K

_fBf+D
2

2f —-f
2Bif  2f(f —Bi)

B,—2)f
I 0 7(12)

B i(3f—Bl—

cocoococoocor

coocoocor~oO

coocoor~ooO
I

_ F(24F2—13B, f+2f—15B,—2)

DBf+Bi1—

_i(15B,4+2)rw b
8

—iBrw
(8/—-15B-2)f1
32

32
f(8f—TB,—2)
B f(24f 2158,—2)
_ (31§2)Bzf

2

3)rw 7

Drw

6
B (3f— BL

(144a)

—12f17”2W2—Bl (6f+Bl 2)fl

24f
_—12ff1r2w2—zslf(6f2—5Blf+4f+tsl 2)
_Bzf(3f—Bl—1)
6
B —12ffir’w® — B, f(6f° 2B, f—2f — B} +2B;)

6
L _ (Bi=2)Bif(3f+2B1—1)—36f fir’w?

i(3f—98B7 —20B,

; (144b)

QI

cocoor~rocoo
Il

—3)7w ]

188,
(15 +198; —8)rw

1(158;4+2)rw
8

iByrw

(8f—=15B,—2) f1
32f
£(24f°—13B, f+2f—158,—2)

18
—6f1r2w?—B(156f—49B,—10) f,
368, f
—6f f1r?w? =B, f (45> —109B, f—25 f —49B, —

10)

32
_f@Bf-78B,-2)
8

e
coroocooO
orroooooO

|

_ Bif(24f—15B,-2)

368,
F(30f—79B,—25)

18
2B, f (348, f—5f —49B} —10B,) =3 firw?

, (144c)

8 188,
(Bi=2)B: f _ (Bi=2)(19B,—5) f
2 36

r i(16£2 —47187 —848,+20)rw 7]

_ 128
_ B (2f+158;+4)rw

8
—64f172w? — (32f2+16B, f+32f +4T1B7+84B,

- 512f
—64f f1r’w? — £(96 542408, > +128 > +453B] f+768; f+20 f+4718] +84B,—4)

—4)f1

512 ; (1444d)
B F(32F°+64B, f+32f+231B7 +36B;—4)

A
—oocoocoocoo

128
B By f (1282 — 4648, f—6Af+AT1B7 +8418,—4)

128
3(B1—2)B. f(f—58,—1)
L 16 -

It is easy to see (comparing the coefficients of highest order terms of the
relevant identities) that the homotopy corrections hge and hs. depend only on ké?

explicitly, plugging in their dependence on K, we obtain
hae = CTIKCE.L7CE,

Since €y, = 9.C, while C* = C, C* = C, ¥,
the expected self-adjointness properties (129).

where we have split /C into columns.
and E’éi) coefficients. More

and  hge = 2. K*CTIK. (145)

= Yy, and X3, = id, the operators hy. and hoe manifestly satisfy

The lower order terms Eég) and Eé(eo) are also quite lengthy, so we present them column by column:®

_ _ r i(f+1)rw iBirw
1o g iy
0 1 —2irw 2iB;rw
0 0 ffi—2r2w? 2Br2w?

7.(0) 1 2r2w?—f(3f+2B1+1)  2Bir2w?—2B%f

ks, [0 0] = G |~ 2 | (146a)
0 0 —2f — B, B?
0 0 4 rsz—}-QBlf
0 0] i 2 25, |

6These formulas are copied from the output of computer algebra.
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i(f—3)rw _i(2f-3)rw
21 rw _ 2ibrw
f f
2% (AfF D) 2r2w?—(3f+1) f1
7./(0) 2 2 2f* 2 2 222
ko 2r?w?—12f2 2B f+f—1 2r20,2 3228, f—1 , (146Db)
2 2
—8f—Bi+2 3f+B—1
-8B, f r?w? —2f (4f — 3B, — 2)
(Bi—2)B; (Bi—2)(3f-=Bi—1)
2 2

coocoococor
coocoocoroO
I

i(8f°—Bif—6f+15B8,+2)rw

16f
(158;4+2)rw
%8f+156r+2ﬁ§w2+(6r+®ff1
16
1 2(8f—15B;—2)r*w? — f (198, f+18 f —30B7 —3B,+6) (146c)
(iwr)3 |~ 1652 ’
__10B,f+12f—15B7 —2B,

4r2w2—f(41fG—7B 2
1+2)

o
N~
ve
OO OOk OOo
[

- - sf—flsfzsl—2

i(8£%—31B, f—10f+458,+6)rw

6f
o 1B (1531 +2)rw

8f
2(8f+15B;+2)r>w? +(40£2 —44B, f —8f —15B,—2) f1
1 32f2
_2(8f—15B;—2)r?w® — 1203 +20B, f>+48 > +30B7 f+5B f —2f +15B,+2 | , (146d)

];/(0)

2e

32
802 —32B, f—48f—15B7 +128B;+4

16
2Br2w? =B f(26 f—118;—12)

cocoocorooO
I

2
i (B1—2)Bi (56 f—15B,—18)
32

_2i5l27‘w(—9f3+24f2—9f—2)+367113lff12rw—2i8l3 (3f2+3f—2)rw+i5;1(3f—1)rw_

12f
—12iB) f f1rw—2iB3 (31’2—3f—2)m+iB;*m—4iB?m

6
1287 ffE 4687 £ f1(f—2)+3B} f 11

12
1 1287 f f (1+f)—23?(—3f3—3/‘2+10_f>+6;1(—3f2+11f)—25l5f
2

7(0
kY

12f
—1287 fy f 253 (3f2—3f—2)+5?—46?

12
6821187 (—353+372 445 ) +arB} -5} s
3f
2887 (—3f2+9f—2) —12B; f f1 —2B3 (3f —2)— B}

cocoorococo
Il

2iB2rw(6f—6)+24iB] f1rw

12]
24if) rw—12iB f1 rw

6
2(q .2 3 4 2
—28; (3f 6f 1) 8By +281+128) 13

12
1 —25%(151‘2—1sf—1)—35?4-23;1—125[(51'—1”1
1272 )
—12B7 f1+248, f1

(146e)

wr

12
—28 (342 —6f+1)—BZ(Bf+1)+B} —12f 1

37
1282 - 248, f+24(3f —2) f1
L 6 -

i(36f°—6B, f>—42f>+5B7 f—4B, f —3B; +6B,+6)rw—12i fir’w®

12f
iB(6f2—6f+B7 —2B; )rw—12ifir’w®

6f
2(9f2—18f— B} +2B,+9)r’w?+ B, (2426 f+B1—2) f1

24f2
11 2(21f2—30f—Bf+281+9)7-2w2+Bl (24f3—12B, f>—6 f>+2B} f— B, f+ By —2)

k) . (1466)

24
Bi(24f>—6B, f—18f+B7+2)—12f1 r°w”

12
(6£2+3B1f—6f—B7 —B))r>w’+ B, f (15f%—4B, f—13f +2B,+2)

cocoor~ocoo
I
\

3
12(3f% 2B, f —8f+B] +5)r’w’+24B8] f>—48B, f>+6B] f —30B] f+36B, f —4B; +10B] —4B;—a
L 24 .
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0

€

Fae)

];/(0)

O OO O oo OO R OO OO OO R OO oo

O OO O oo

i(8f2—Bif—6f+15B+2)rw

16f
_i(15B,4+2)rw
8
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16
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