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ABSTRACT. It is proven that for smooth initial data with compact support outside
the event horizon, the solution of every azimuthal mode of the Teukolsky equation
for general spin decays pointwise in time.
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1. INTRODUCTION

In this paper we prove linear stability of the non-extreme Kerr black hole under
perturbations by gravitational and electromagnetic waves. More precisely, we consider
the initial value problem for the Teukolsky equation of general spin s € {2, 1, 3,2 3
for smooth initial data supported outside the event horizon. Thus, rewriting the
equation as a first-order system in time, we analyze the solution for initial data ¥g €
C>®((ry,00) x §%,C?) (where rq is the event horizon, and the two components of ¥y
describe the Teukolsky wave function and its first time derivative at time zero; for
details see Section [2). We decompose the initial data into a Fourier series of azimuthal
modes,

(r,9,¢) Ze_“w \I/ (r,9) . (1.1)
keZ
Since the Kerr geometry is axisymmetric, the Teukolsky equation decouples into sep-
arate equations for each mode. Therefore, the solution of the Cauchy problem with
initial data Wy is obtained by solving the Cauchy problem for each mode and taking
the sum of the resulting solutions. With this in mind, we here restrict attention to the
Cauchy problem for a single mode, i.e.

(0,7, 0, ¢) = ™ Wl (r,9) € C®((r1,00) x §2,C?). (1.2)

We derive an integral representation of the solution which involves the fundamental
solutions of the ODEs arising in the separation of variables. Moreover, we prove the
following pointwise decay result:

Theorem 1.1. Consider a non-extreme Kerr black hole of mass M and angular mo-
mentum aM with M? > a®? > 0. Then for any s > 1 , the solution ¥ of the Teukolsky
equation with initial data of the form (L2]) decays t0 zero in LS ((r1, 00) x S?).

This theorem establishes in the dynamical setting that the non-extreme Kerr black
hole is linearly stable.

In general terms, the problem of linear stability of black holes can be stated math-
ematically as the question whether solutions of massless linear wave equations in the
Kerr geometry decay in time. The different types of equations are characterized sys-
tematically in the Newman-Penrose formalism by their spin, taking the possible val-
ues s = 0, %, 1, g, 2,.... From the physical point of view, the most interesting cases
are s = 1 (Maxwell ﬁeld) and s = 2 (gravitational waves). The case s = 0 of scalar
waves is a major mathematical simplification. The black hole stability problem has
a long history and has been studied by many authors. For brevity, we only men-
tion a few recent results and refer for the broader context to [13] and the references
therein. Despite many results for scalar waves in the Kerr geometry (see for exam-
ple [11], 12} [30% 29, 25| [7]) and for higher spin waves in spherically symmetric space-times
(see for example [17, 28] [3, 6]), only few results are known for higher spin waves in
the Kerr geometry. There are results for the Dirac field [10] and for the Maxwell
field [20], 2, [1], all of which use the specific structure of the respective equations. Also,
we would like to mention recent nonlinear stability results in the related Kerr-De Sitter
geometry [22]. A general framework for analyzing the equations of arbitrary spin in
the Kerr geometry goes back to Teukolsky [32] who showed that the massless equa-
tions for any spin can be rewritten as a single wave equation for a complex scalar
field ¢, referred to as the Teukolsky equation (sometimes also called the Teukolsky
master equation). If s # 0, the coefficients of the Teukolsky equation are complex.
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The Teukolsky equation has the remarkable property that it can be separated into a
coupled system of a radial and an angular ODE (for details see for example the text-
book [5]). The only known stability result in the Teukolsky framework was obtained by
Whiting [33], who proved that the Teukolsky equation does not admit solutions which
decay both at spatial infinity and at the event horizon and increase exponentially in
time. This so-called mode stability result is also a key ingredient to our analysis of the
long-time dynamics of solutions of the Cauchy problem.

We now outline our method of proof. We first bring the Teukolsky equation into
the Hamiltonian form by employing the ansatz

®
V= <¢atc1>>

iV =HU

where H is a second-order spatial differential operator. Using suitable PDE estimates,
we show that the resolvent R, := (H — w)~! exists if w lies outside a strip enclosing
the real axis (see Lemma [£1]). We then derive an integral representation for the
solution of the Cauchy problem which involves a Cauchy-type contour integral over
the resolvent (see Theorem [B.1]). Next, we decompose the resolvent on the contour
into an infinite sum of angular modes (see Theorem [(.1]). These angular modes arise
from our earlier paper [21I] where we derive a spectral decomposition of the angular
operator into invariant subspaces. After employing this angular mode decomposition,
Whiting’s mode stability [33] makes it possible to move the contour integrals of the
separated resolvent onto the real axis.

At this point two major problems remain: to show that the separated resolvents have
no poles on the real axis, and to control the infinite sum of angular modes uniformly
in time. In order to resolve these problems, we write the radial part of the separated
Teukolsky equation in Sturm-Liouville form

and writing the equation as

(-dd—;-i-V)X:().

By a careful analysis of the potential V' and of the solutions of this ODE, we show
that we can approximate X in different regions by WKB, Airy, and parabolic cylin-
der functions, with rigorous error estimates. Here we rely crucially on our previous
work on special functions [19] and on the ODE estimates developed in [I8], 20]. These
results also give rise to corresponding estimates for the separated resolvent (see Propo-
sition [I0.1T]).

For smooth initial data supported outside the event horizon, we thus obtain an
integral representation for the solution W of the Cauchy problem for the Teukolsky
equation involving an infinite sum of angular modes (see Theorem I2.1]). We prove
that this infinite sum, for large n is uniformly small, and that the remaining finite sum
decays using the Riemann-Lebesgue lemma (see Corollary [[2.2]). This gives the above
theorem.
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2. PRELIMINARIES

We consider the Kerr metric in Boyer-Lindquist coordinates (¢, 7,9, ¢) with r» > 0,
0<9<m 0<¢<2r (see for example [5]). Then the line element takes the form
ds? = 9ik da? 2*

2 2
"Bt —asin?0dp)?—U <dr d192> - S”;Jﬂ

— adt — (r? 4+ a?) dp)?

B . (adt = (2 +a*) dp)?
where

U(r,®) = r* 4 a? cos® ¥ and A(r) =7% —2Mr 4 a?. (2.1)
Here the parameters M and aM denote the mass and the angular momentum of the
black hole, respectively. We shall restrict attention to the non-extreme case with non-
zero angular momentum, i.e. M? > a?> > 0. In this case, the function A has two
distinct zeros,

ro =M —\/M?—a? and 1 =M+\VM?>—-a?, (2.2)

corresponding to the Cauchy and the event horizon, respectively. We shall consider
only the region r > rq outside the event horizon, and thus A > 0.
Our starting point is the Teukolsky equation in the form given by Whiting [33]

2
<£A£—i{(7’2+a2)Q—Fai—(r—M)s} —43(7’—i—z’acos75‘)2

0 A ot 0 ot
T ) 9 1(p o 9 2 &9
. 2 .9 .
0 ¥ =+ — Y =0.
+8(:osv§‘ sin 8cos19+5in219{asm at—ka(p—i-zscos } >¢ 0
We restrict attention to a fixed p-mode. Thus for a given k € Z we make the ansatz
o(t. 10, 9) = e " R(t,r,v). (2.4)
Moreover, we introduce the Regge-Wheeler coordinate u € R by
du _r’+a® 0 _r’td 0§ (2.5)
dr A or A Ou
and introduce the new function ¢ by
O(t,u,9) = Vr?2 +a? R(t,r,9) . (2.6)

Using the transformation

0.0 r+ada’20,, 5 0
7l = a " Ty,

_r*ta /12 + a2 (8_2,/r2+a2_ <53,/T2+a2>>’

A Ou?
we find that
O D p_ 1 (P+a®? (3 GVrr+a®)
or or VrZ + a2 A Ou? V2 + a2

Then the Teukolsky equation takes the form
T® =0, (2.7)
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where

T =

(P +a®? (0 P+ a®
A 811,2 \/7‘2 + a2

—i (r2+ 2)2—2' k—(r—M) 2—4 (r+i 19)2
a 5 a s s a cos T
2 1 9, 0 ?

+ Soos T sin“ ¢ Teos D +sin27§‘ {asm 19_875 — ik +iscosV

3. HAMILTONIAN FORMULATION

In order to write the Teukolsky equation (7)) in the Hamiltonian form, we make
the ansatz
- ( e ) (3.1)
10 ®) - ‘

iU =HU, (3.2)

H— (El é) , (3.3)

whose matrix entries are the operators

Then the equation takes the form

where H is the Hamiltonian

A
.2, 2 2.2
p=r"+a a”“ sin 197“24—(12 (3.4)
2, .2 2 2. /72 1L 2
g ta _0_2+<L7"+a (3.5)
P) ou V72 + a?
A o 9 0 (—k + scosv)?
+ p (2 + a?) < O cos sin” ¢ O cos sin? ¥ (3.6)
(ak+i(M —1)s)’ (3.7)
p(r?+a?)
B = 2 —(ak +i(M — 7‘)3) + (ak — 2irs + as cos 19) _a . (3.8)
P 7"2 _|_a2

As the domain of definition of H we choose the smooth wave functions which are com-
pactly supported outside the event horizon. Thus, working with the Regge-Wheeler
coordinate u throughout (see ([2.5])), we choose

D(H) = C°(R x §2,C) . (3.9)

We remark that in the limiting case a \, 0, the above Hamiltonian reduces to that
n [I7, Section 4]. In the case s = 0, on the other hand, our Hamiltonian coincides
with that in [T1} eq. (2.25)], except for the factor v/r2 + a2 in the transformation (2.0]).

The next step is to introduce a scalar product. Our starting point is the bilinear

form .
= o p A 0 ~
<\P, \I’>— /_OO m du /_1 dCOSQ? <\I’, ( 0 1 > \P>(C2 . (310)

This bilinear form has a similar structure as the “energy scalar product” used for
example in Minkowski space. In our setting, however, this bilinear form does not have



6 F. FINSTER AND J. SMOLLER

the symmetry property <Wq, Wo> =<Wsy, U;> (because the term (3.7) is complex) and
is therefore certainly not positive definite. Our strategy is to modify ([BI0) in such a
way that it becomes symmetric and positive definite. We first verify the sign of the
zero order term in (B.]).

Lemma 3.1. Outside the event horizon, the zero order term in (3.1 is non-negative,
i.e.
02+/r2 + a?
Vr? + a?

Proof. By direct computation, one finds that
22 +a® A
Vitra@ | (P d)

We want to show that the function f is non-zero outside the event horizon. To this
end, we first note that its derivative

>0 for allr > ry.

7 f(r) with f(r) = a* —4a®*Mr + a*r* + 2Mr3 .

f'(r) = —4a®>M + 2a*r + 6 Mr?

is obviously monotone increasing. Therefore, a direct computation using ([2.2)) gives

f(r) > f(r) = (12M?* — 8a* M) + (12M? — 2a*)v/ M2 — a2 > 0,

where in the last step we used that a < M. We conclude that f is monotone increasing.
Therefore,

f(r) > f(r) =8M*(M? — a®) + (8M® — 4a* M)/ M2 — a2 > 0,

where we again used (2.2 together with the inequality @ < M. This concludes the
proof. O

In view of this lemma, the term (B.5]) gives a positive contribution to the bilinear
form (BI0). Obviously, the same is true for the term (B.6]). In order to get rid of the
troublesome complex term ([B.7]) we set

(ak +i(M — T’)S)2

i=1
MY )

and introduce the scalar product (.,.) by
00 1
N p A4+4d 0 =
(\P,\I’) = \/_OO m dU/ildCOS'ﬂ <\P, < 0 1 > \II>(C2 . (311)

Taking the completion of the domain (3.9]) gives rise to a Hilbert space (X, (.,.)). Using
that A+ 6 > 1 and that the weight factor in ([B.I1]) written as

p A a?sin? 9
r24+a2 (r2 +a?)?

is clearly bounded uniformly from above and below in w and ¥, the corresponding
Hilbert space norm ||.|| is equivalent to the Sobolev norm on (H? @ L?)(R x S?,C*).
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4. RESOLVENT ESTIMATES

Obviously, the Hamiltonian H is not symmetric on (H, (.].)). But, as is verified by
direct computation, we obtain a symmetric operator by modifying the Hamiltonian to

0 1
H*“(Af%a Re5>’
where we again choose the domain (8.9]). The difference of H and Hy is a bounded
operator. Namely,

it = (% o) () | =10+ immp
< sup (1 + 1)) ([ sll2 + [Walz) < sup (6] + 1m ) ]
Rx S2 RxS2

implying that
I(H = Hy)l| < c:= sup (I3]+|Tmg]) (4.1)
Rx.S2

Now we use a method similar as in [I1, Lemma 4.1] to obtain resolvent estimates.

Lemma 4.1. For every w with

| Imw| > ¢, (4.2)
the resolvent R, = (H — w)~! ewxists and is bounded by
1
ol < ——— . 4.
1Rl < T (43)

Proof. The inequality (4.I]) gives rise to the bound
\H — B\ = |[(H = Hy) — (H — B
<|H = Hyll + I(H - Hy)* || = 2 [|H — Hyf| < 2¢.
It follows that for every normalized vector ¥ € D(H),
1 *
> ] )7 — 3 |(¥, (H — H))
> ([Imw| — c) | ¥]%. (4.4)

It follows that the operator (H — w) is injective.

In order to show that this operator is also surjective, we first note that the esti-
mate (£4) implies that the image of (H — w) is a closed subspace of H. Therefore, it
suffices to show that the image of the operator H — w is dense in H. If this were not
the case, there would exist a non-zero vector U € H such that

(H —w)¥, \if) =0 for all U € D(H) .

In other words, ¥ would be a weak solution of the adjoint equation (H* — @)¥ =
0. By the regularity theorem for elliptic operators on manifolds (cf. [31, Chapter 5,
Theorem 1.3]), every weak solution of this equation is a solution in the strong sense
(note that the operator A is uniformly elliptic). On the other hand, repeating the
estimate (44]) with H replaced by H* and w replaced by @, we get the inequality

| (H* —w)\i/| > (Imw| — ¢) \m 2,

This is a contradiction.
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AImw

F1GURE 1. The contour Cg.

The above arguments show that the resolvent R, exists. Applying the inequal-
ity (@4) for ¥ = R, ® gives the estimate (£3]). This concludes the proof. O

5. CONTOUR INTEGRALS AND COMPLETENESS

For given R > 0 we consider the two contours C; and C5 in the complex w-plane
defined by

C1 = 90Bgr(0) N {Imw > 2c}, Cy = 0Br(0) N {Imw < —2¢},

both taken with positive orientation (see Figure [Il). We set Cr = C7 U Cy. We can
now state the following completeness result. The proof uses similar methods as in [17,

Section 7] and is based on an idea which we learned from A. Bachelot [4, Proof of
Theorem 2.12].

Theorem 5.1. For every ¥ € D(H), we have the representation

1
¥ =—— lim (R,Y) dw . (5.1)
271 R—oo Jop,

Proof. For given w satisfying the inequality (£2]) and ¥ € D(H), we know that

R,(H—-w)¥ =0. (5.2)
Solving for R,V gives the identity
R —-Yi L (.
w o ow

Clearly, this identity also holds for W replaced by HW. This makes it possible to iterate
the identity to obtain

U1 1 )
Ro¥ = —= — — (HY) + — R,(H*V). (5.3)

Integrating w over the contour Cr gives the estimate

|

/cR <R“"P+ %) de < (HH\IJII + HRw(Hz\If)H) /CR %
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Using the resolvent estimate (4.3) and noting that the length of the contour grows
only linearly in R, one sees that the right side tends to zero as R — oco. Hence

d
lim [ (Ry¥)dw=-0 lim | <= 210,

R—o0 Cr R—o0 Cr w
where the last step can be verified by computing the integral explicitly or by using the
estimate
d d 12
55 do / dwl 12¢ Roo
9BR(0) ¥ Cr W R
This concludes the proof. O

The integral representation in Theorem [5.I]has the disadvantage that the integrand
decays at infinity only like 1/|w|, making it impossible to work with unbounded con-
tours (because these would not converge in the Hilbert space). In order to avoid this
problem, we use the method introduced in [I7, Section 7] to subtract counter terms
which do not change the value of the contour integral. We thus obtain the following
result.

Theorem 5.2. Choosing C as the contour
C’:{w‘ Imw:2c}u{w| Imw = —2c} (5.4)

with counter-clockwise orientation, the following completeness relation holds for ev-
ery ¥ € D(H),

1

U= (mm+
2m Jo

w+3m>m“ (5.5)

Moreover, the Cauchy problem for the Teukolsky equation with initial data V]—g =
Vo € D(H) has a unique solution given by

1 . Yy
U(t) = —— wt (R,W dw . 5.6
B =-37/.° ( 0+w+%9 “ (56)

Proof. Since the resolvent is holomorphic in the region {|Imw| > ¢}, we may contin-
uously deform the contour Cr in (5.1 for any R. In particular, we may deform the
contours to new contours Cr which all lie inside the region |Imw| < 3¢. Then the
function 1/(w + 3ic), having its poles outside this region, does not contribute to the
contour integral in the the limit R — oo, i.e.

¥=—1 jm (Row+ m,)m.
276 R—oo J &, w + 3ic
Iterating (5.3]) and expanding, one finds
v HV R,(H*Y LG _ Y _
RV =—— — 2+ (2 ):——+(‘)(w2):— — +0(w™?) .
W w w w w + 3ic

According to (5.3]), the norm of the integrand decays quadratically for large |w|. There-
fore, in the limit R — oo the integrals converges to the unbounded contour inte-
gral (B.50)).

In order to prove (G.0), we insert one more counter term (which again does not
change the value of the contour integral) to obtain

1 \Ifo (H + 3iC)\I’0)

W= | (Row . .
0 2mi Jop, R O+w+3zc (w + 3ic)?

(5.7)
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A direct computation using the identity

\ HU H2U R, (H3V
Rw‘Poz—UO— 20_ 0, w( 0)

w w3 w3
(obtained again by iterating (5.3])) shows that the integrand in (5.7) decays even cu-
bically for large |w]|. Clearly, the additional counter term can also be inserted in (5.6]),

so that the function ¥(t) as defined by (5.0]) takes the form

1 g H ic)W
0 (H + 3ic) 0>d

U(t) = —— (R W
®) 27 Jo ¢ <R O+w+3z’c (w + 3ic)?

Setting ¢ = 0 and using (5.7), we find that U(t) = ¥y, showing that the initial
conditions are satisfied. It remains to show that W(¢) satisfies the Teukolsky equa-
tion (i0; — H)W¥(t) = 0. Using that the integrand in (5.8]) decays cubically for large w
and that the time derivative generates a factor w, Lebesgue’s dominated convergence
theorem allows us to interchange the differential operator with the integration. We
thus obtain

(5.8)

. 1 . \I’O (H+3ZC)\I/0
9, — HU(t) = — WH — w)( R,
(0 = H)¥(1) = 55 Cr' ( w)< T o Bic T (w+ Bic)? )
1 it (H—-w)Vy (H—w)(H + 3ic)¥y
- W \I’ d —
27 C’Re < ot w + 3ic (w + 3ic)? ) v

because no poles are enclosed by the contour. This shows that ¥(¢) as given by (5.6])
really is a solution of the Cauchy problem. Uniqueness follows immediately because
the Teukolsky equation is hyperbolic. O

We now derive alternative integral representations for the solution of the Cauchy
problem, which will be useful for our estimates.

Corollary 5.3. For any integer p > 1, the solution of the Cauchy problem for the
Teukolsky equation with initial data V|i—g = Wo € D(H) has the representation

1 : 1
U(t) =~ [ e ——— (Ro (H +3ic)" Wy ) dw. 5.9
(*) 27 Ce (w + 3ic)p “’( T ZC) 0) dw (5.9)
Proof. Rewriting (5.2)) as
1 1
R,V = — U+ R, (H + 3ic) ¥ |

w + 3ic w + 3ic
we can iterate similar to (.3]) to obtain

B . p_l
RV — 1 | \P_(H+3z.c)\11_‘“_(H+3u‘:) v (5.10)
w + 3ic (w + 3ic)? (w+ 3ic)P
1
— R, (H ic)P W . A1
+ CEETAL R, (H + 3ic) (5.11)

Using this identity in (58], the first summand in (5I0) cancels. For all the other
summands in (5I0), one can compute the integral in (5.6]) with residues to obtain
zero. Therefore, only the summand (511 remains, giving the result. O

For negative times, the integral representation of the solution of the Cauchy problem
can be further simplified. This is the representation which we will use in the remainder
of this paper.
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Corollary 5.4. For negative times, the solution of the Cauchy problem for the Teukol-
sky equation with initial data V],—g = Vo € D(H) has the integral representation

1 , )
U(t) = —— —M(qu )d ft<0).
=25 Jo . Mot Zomge ) (F1<0)
Moreover, for any integer p > 1,
1 , 1
T(t) = —— ‘Z“’ti(R H + 3i p\y)d . 5.12
*) 2714 R_%Ce (w + 3ic)P w ( T zc) 0) dw ( )

Proof. Starting from (5.6) and (5.9]), we take the limit where the upper part of the
contour R + 2ic is deformed towards Imw — oo, making use of the fact that the
factor e=™! decays exponentially in this limit. O

6. SEPARATION OF VARIABLES AND JOST SOLUTIONS
Let w € C. We make the separation ansatz
O(t,u,9) = e X (u) Y ().
This gives rise to the coupled system of ODEs
RoX(r) =-XX(r), ALY (9) =AY (9), (6.1)

where the radial operator R,, and the angular operator A, are given by

o (PHa®? (0 Vit
v A ou? \/r2—|—a2
2
—|—%<—iw(r2—|—a2)—z'ak‘—(r—M)s) + 4sr + 4k aw (6.2)
A, = 4saw cos ¥ — 4k aw
2
~3 ﬁsinzvﬂaaﬁ— _120(—iawsin20—ik+iscosﬁ>
cos Ccos sin
2
——% Sin219802879 — — 219<iawsin2z9—ik:+iscos19>
sin
B 0 . 9 0 1 9 2
~Feosg S0 19800819+sin219<_awsm 19+k—scos19> . (6.3)

The operator A, coincides with the angular Teukolsky operator as studied in [20} 21]
(with the aspherical parameter {2 = —aw). Note that in order to get this agreement,
we added and subtracted the constant 4kaw.

The radial equation can be written as the Sturm-Liouville equation

d2

where V is the potential
AA 2Vr? +a?

4w A .
m (ak‘—zrs) — (w—l—

V() =
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Near spatial infinity, the potential has the asymptotics

V(u) = —w?® — 2150 +0 <10g2u> if u— 0. (6.6)
U U
Likewise, near the event horizon, we have the asymptotics
V(u) = —Q% +0(e™) if u— —o0, (6.7)
where . v
Qi=wt 2 :%(T—ll—a2 )S, 7:::%_'_722 (6.8)

(and rg and r1 are again the horizons (2.2])). These asymptotics are exactly the same as
in the Schwarzschild geometry, if at the event horizon we replace w by w+(ak)/(r?+a?).

Therefore, we can proceed exactly as in [I7, Section 3] to construct Jost solutions ¢4
and ¢4 with the following properties (see also [12), Section 3] or [§]).

Theorem 6.1. For every w in the domain
- M
D_ ::{w‘lmw<%+z}
ri+a 2

there is a solution ¢_ of @A) having the asymptotics

U——00

lim e ¢ _(u) =1, uli)llloo (e_m“ b (u))l =0. (6.9)

These solutions can be chosen to form a holomorphic family, in the semse that for
every u € R, the function ¢_(u) is holomorphic in w € D_. Similarly, on the domain

_ (m—M)s ~

there is a holomorphic family of solutions ¢§+ of (6:4) with the asymptotics
. , . . !
lim e ¢, (u)=1, lim <e’Q“ o (u)) =0.
U——00 U——00

Theorem 6.2. On the domain E; = {w |w # 0 and Imw > 0}, there is a family of
solutions ¢4 (u) of (6.4]), holomorphic in the interior of E,, having the asymptotics

. N . s N /
uh_)n;o uwe o (u)=1, uh_)ngo (us e " <;5+(u)) =0.
Likewise, on the domain E_ = {w|w # 0 and Imw < 0}, there is a family of
solutions ¢_(u) of (6.4l), holomorphic in the interior of E_, with the asymptotics
N N /
lim v e ¢p_(u) =1, lim (u_s et ¢_ (u)) =0. (6.10)
U—00 U—00

7. SEPARATION OF THE RESOLVENT
We return to the solution of the Cauchy problem given in Corollary 5.4l Possibly
by increasing ¢, we can arrange that
(7"1 — M)S
r? 4+ a?

Choosing the Jost function as

b=b ama b=,
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these functions all decay exponentially in their asymptotic ends.
We now apply the results of [21] on the spectral decomposition of the angular op-
erator. According to [2I, Theorem 1.1], for any w in the strip U defined by

U := {w € C with [Imw| < 3¢}

(and c as in (B.4]) so that the contour C lies inside U), there is a family (Q5)nenugoy of
idempotent operators whose images are invariant subspaces of the angular operator A,
with the following properties:

(i) The Q¥ are complete in the sense that

dy=1 (7.1)
n=0

with strong convergence of the series.
(ii) The Q¥ have rank at most N, where N can be chosen uniformly in w.
(iii) The @Q“ are uniformly bounded in L?(S?), i.e. there is a constant cy such that

Q%] < c2 forallmn e NU{0} and w e U . (7.2)

We now choose w on the contour C' and let n € NU {0}. We point out that the
range of the operator % need not be an eigenspace of A, because there might be
Jordan chains. However, since the length of the Jordan chains is bounded by N, we
can write A, on the invariant subspace as

where A is a nilpotent operator with NV = 0. Let us consider the Teukolsky equa-
tion (Z7) on the invariant subspace. Using (7.3]), the resulting equation is obtained
from the radial equation (6.4 and (G.5)) if the separation constant A is replaced by the
operators A1 + N. This gives the equation

( & +V+L2)2N>X(u):0,

“a? P+a

where X (u) is now vector-valued, taking values in the invariant subspace. We want to
construct a Green’s function g, (u,v) of this equation, defined by

2
<_%+V+ﬁ/\/’>gw(’mv):5(u—v)_ (7.4)

If the nilpotent operator N is absent, this Green’s function is given just as in [17)
Section 4] by a function which we now denote by s, (u,v),

_ ! X{émWw>ﬁvzu
wd.d) | duwd) ifv<u.

Namely, a straightforward computation yields

( _ dd_; + V(u)> sty 0) = 8(u —v).

We also regard s, as an operator with corresponding integral kernel s, (u,v). Then
we can multiply (7.4]) by s, to obtain the operator equation

A
<1+swm/\/>gw:sw.

Sw(u,v) (7.5)
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Since N is nilpotent, this equation can be solved by a finite Neumann series,

N
9w=Z<—swﬁN>lsw. (7.6)

=0

The existence of powers of s,, is proved exactly as in [II, Lemma 5.2].
After these preparations, we can now decompose the resolvent into angular modes:

Theorem 7.1. For any w on the contour C, (5.4), the resolvent R, = (H —w) ™! has
the representation

[
2 : w

Rw = Rw,n n o
n=0

where the operators R, , can be written as integral operators,

(R W), 9) = /_ h % R (11, 0) U (0, 9) dv, (7.7)

with integral kernels given by

R (1,0) = % 5 — ) ((1) 8> + gu(u,0) <w°" —A) 1> . (78)

P w — 5(”)) w
Proof. Tt is obvious from ([B3)) that
r? + a? 00 72 + a? 1 0
(H —w) ; d(u —v) <1 0> :Té(u—v) <ﬁ(v)—w 0> . (7.9)
We next compute the operator product
W= B(U) 1 w
(Hy — w) gus(u,v) (w (@ — B(v)) w) g (7.10)

where the index u at the Hamiltonian clarifies that its derivatives act on the variable u.
If u # v, we know from (4] that g,,(u,v) is a solution of the radial Teukolsky equation.
Moreover, using the fact that the second row in the matrix is w times the first row,
one sees that every column of this matrix is of the form (B.IJ). This implies that (Z.10)
vanishes. If u = v, the only additional contribution is obtained when the operator 92
contained in H acts on g. In view of (8.3]) and (B.1), we obtain

=yt (070 ) e

e (1
_r ;Cﬁ 5(u — v) <w _Oﬂ(v) ?) w

Adding ([79)) and using (78], we conclude that

7“2—|—a2

(Hy —w)Ryn(u,v) =

d(u—v)Q¥.

Summing over n and using the completeness relation (7.1]) gives the result. O
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8. CONTOUR DEFORMATIONS

Using the result of Theorem [Tl in the integral representations of Corollary B.4], we
obtain an integral over an infinite sum of angular modes. Since it is a-priori not clear
whether the integration and summation can be interchanged, our method is to first
analyze the partial sums defined by

N (1) = mz /[R . et (RMQ o+ QY +3ZC> dw (8.1)

N’p w . \P
1 27TZ Z/R 2ic (U + 3ZC <Rw,n Qn (H + 3ZC) \I’(]) dw (82)

(where again p > 1 and ¢t < 0). After getting suitable estimates, we will be able to
prove that the limit N — oo of the partial sums exists, both with the summation
inside and outside the integral (see Section [I0.5]).

We now use Whiting’s mode stability result [33] to move the contour for the partial
sums up to the real axis:

Lemma 8.1. For any Vo € D(H) and any integer p > 1, the partial sums (81))
and B2) can be written for any t <0 as

N
1 . . Yy
UV () = —— 1 Wt (R, . Q¥ w d 8.3
(t) i 06{% R—z’ae ( n Q@ 0+an+3ic> w (8.3)
1 N e—iwt
oV )y = - — N1 = (R, Q¥ (H+3ic)’ Ty) dw . 4
0= 552 e\O/R G (Ren @ (430 wg) do . (8

Proof. We first verify that the above integrands decay so fast near w = oo that the
integrals (81]), (82) and ([B3]), (84 converge. To this end, given n, we need to analyze
the asymptotics for large w. In this asymptotic region, the angular eigenvalue A,
scales like |A,| < |w| (see Lemma [A3] in the appendix). Therefore, for large w the
summand —w? dominates all the other terms in (6.5]), so that the potential goes over
to a constant potential. In this limiting case, the solutions qﬁ and qﬁ go over to plane
waves. By direct computation, one verifies that in this limiting case, the kernels s(u, v)
and g, (u,v) in (TH) and (6] are bounded. Therefore, these kernels are bounded
uniformly in w. This makes it possible to estimate the integral in (7)) by

p(v, V)

|(Run®0)(u,9)| < s Pon(w o) [ (Wo(e,9)] do
vesupp Yo supp Yo

to obtain an estimate of the form
(| (Res,n Q% o) (u)HL2(52) < C(n, oo, Uo) (14 [w]?), (8.5)

valid for all u < us (for any given parameter u,, € R). Next, we can use the lower
bound for |\| in Lemma [A.3 to generate factors of 1/|w|,

1
H(Q:L) \IIO)(U)HL2(S2) S W H(Q?@) A?U\IIO)(U)HL2(S2)

(8.6)

o g

giving the desired decay for large |w].

l2s2) -
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Since the angular spectral projection operators Q% as well as the Jost solutions are
holomorphic in w, the integrand in the above contour integrals clearly is meromorphic
in w. If there were poles, the resulting contributions to the contour integral would
be mode solutions, in contradiction to [33]. We conclude that the integrands in (81))
and (82 are holomorphic in the strip —2¢ < Imw < 0. This makes it possible to
deform the contours, giving the result. O

9. ESTIMATES OF THE POTENTIAL

We now enter the derivation of the general ODE estimates. Recall that our equations
involve the parameters k, s, w and A\. We always keep k and s fixed. The parameters w
and A, however, may vary in a certain parameter range to be specified later on, and
we must make sure that our estimates are uniform in these parameters. In order to
keep track of the dependence on w and A, we use the same conventions and notation
as in [21I]. Namely, we adopt the convention that

all constants are independent of w and A

(but they may depend on k and s). Moreover, in order to have a compact and clear
notation, we always denote constants which may be increased during our construc-
tions by capital letters Cp, Co,.... However, constants with small letters ¢, c¢o,... are
determined at the beginning and are fixed throughout. We use the symbol

< ... for Sc

~

with a constant ¢ which is independent of the capital constants €; (and may thus be
fixed right away, without the need to increase it later on).

When increasing the constants €;, we must keep track of the mutual dependences of
these constants. We adopt the convention that the constant €; may depend on all pre-
vious constants Cp,...,C;_1, but is independent of the subsequent constants C;1,....
In particular, we may choose the capital constants such that ¢; « Gy <« ---. This
dependence of the constants implies that increasing €; may also make it necessary to
increase the subsequent constants C;11, Cj12,.... For brevity, when we write “possibly
after increasing €;” we implicitly mean that the subsequent constants C;i1,Crya,. ..
are also suitably increased.

9.1. Different Cases and Regions. In Lemma [8.I] we could deform the integration
contours up to the real axis. With this in mind, it suffices to consider the case that w
is real. Then the potential in the angular Teukolsky operator is real. Consequently, its
eigenvalues ), are also real. They have the properties as worked out in [21], Section 7].
Moreover, the imaginary part of Q as defined by (6.8) is a negative constant,

(ri —M)s

> 0. 9.1
r? 4+ a? (9-1)

ImQ=-w with w =

In preparation for proving convergence of our sum of contour integrals (see Sec-

tion [[0.5]), we need to estimate the behavior of the fundamental solutions of the Sturm-

Liouville equation (6.4) for large A and |w|. With this mind, we now restrict attention
to the parameter range

w? > Cg and A>Cr. (9.2)
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Expanding the potential in (6.5]), we obtain

V= —w? AA L 2wak ~_2A
N (r2+a?? r?2+4a? r2 4+ a2 (9.3)
2iws 0 0 ’
e (M—r+7r2+a2> +(‘)(w ) +(‘)(/\ ) .

From this formula one sees in particular that the potential is almost constant if w is
large. This implies that the WKB conditions are satisfied, as is quantified in the next
lemma.

Lemma 9.1. Assume that
A< Cs \w[

for a given constant Cs. Then for any € > 0, we can arrange by choosing the con-
stants Cg and C; sufficiently large that

[V (u)| [V (u)]
|V(u)|%7 V)l <e for allu e R,

uniformly in w and .
Proof. From the form of the potential ([9.3]) it is obvious that
‘V+w2| S A+ |wl and V[, [V S A+ |w]. (9.4)

As a consequence,

V| <)\—|—|w| <€5+1<€5+1

Vi~ P T W T G
V" A+ |l SOt _ G+l
VPN Tlt = TP S el
6
This concludes the proof. O

In view of this result, in what follows we may assume that

A > Cslwl, (9.5)

because otherwise the potential is nearly constant and can be treated easily with the
WKB approximation. Then, choosing C5 sufficiently large, we can sometimes work
with the simpler approximation

Vet R 0(w) L0\ (9.6)

7+ a?)
Discussing the form of the approximate potential immediately gives the following
result:

Lemma 9.2. For any w and X in the range (Q.2) and (@3], we have the bounds
|Im V|, | Im V'], | Im V"| < |w] . (9.7)

Moreover, for sufficiently large Cs, the real part of the potential has a unique maz-
imum at a point Uy, with 15—2m < 7(Umax) < 3m.  The maximal value is bounded
by

ReV (Umax) S A

~
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The function ReV is concave near near uy ... More quantitatively, there is a constant ¢
such that
1 1
= Umax + = | - 9.8
5 +3 (9.8)
Proof. We substitute the formula for A, (2Z1J), into (3.6]) and compute the first and
and second u-derivatives with the help of the formula (see also (2.5]))

0 A0

du r2+4aZor

o>

< —ReV"(u) <cA on [umax —

Then the result follows by a direct computation. O

The value of the real part of the potential at the point uy,., distinguishes different
cases:

WKB case if Re V (Upax) < —C4 VA
parabolic cylinder (PC) case if —C4v A <ReV (Umax) < CsvVA (9.9)
Airy case if Re V (Umax) > Cs V.

In each of these above cases, we estimate the solution by considering different regions,
which we now introduce. To this end, we work with the zeros of the function Re V'
characterized in the next lemma.

Lemma 9.3. By increasing the constant Cs in (@3 we can arrange that when-
ever ReV (umax) > 0, there are unique points ul, ull € R with

ReV(uf) =0 =ReV(u) and  ul < payx < ull.

Proof. Since w? enters the potential (6.5 only via a constant, for large Cs the deriv-
ative Re V' is dominated by the term A9, (A/(r? + a?)?). An asymptotic expansion
shows that ReV’ is positive near u = —oo and negative near u = —oo. Moreover,
the function A/(r? + a?)? is monotone increasing up to a turning point where its sec-
ond derivative is negative, and from then on is monotone decreasing. This gives the
result. g

If Re V(Umax) > 0, we denote the zeros of Re V' by ué and uéz, ie.
ReV(uf) =0=ReV(ul), UG < Uppax < U

If ReV(tUmax) < 0 (as is always true in the WKB case and may be true in the PC
LR

case), we set Uy = Umax. We introduce

ué in the WKB case
ul = Ué - @3(61@4)_% lw|™ . in the PC case (9.10)
2 —= 1
w|75, (CrRe V(Umax)) © |w|_§) in the Airy case

[NIES

uf — €3 max

udl in the WKB case
ud® + (‘33((‘31@4)_% ]w\_% in the PC case
u={ R 1,01 (9.11)
- uy + C3 A5 w| 73 :

1
X max (\w]_%, (C1ReV (Umax))  © \w]_%> in the Airy case.
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Moreover, in the Airy case we set

ul = ul + €3 max <\w]_%, (€1 Re V (Umax)) ; ]w\_%) (9.12)
1
uft = ulf — ey AS |w|_% max <|w|_§, (C1ReV (Umax)) © |w|_%) . (9.13)

We thus obtain the following regions:

WKB regions (—o0,u”), (uf,00) in all cases

PC region (ul, uf?) in the PC case

Airy regions (uf,uk), (ult,uf) in the Airy case (9-14)
WKB region with ReV >0 (u},uf) in the Airy case .

9.2. Estimates in the WKB Regions. In this section we shall prove the following
results:

Proposition 9.4. For any € > 0, we can arrange by choosing the constants Cq,...,Cy
sufficiently large that for all w and X in the range (Q.2]),

V') v .
vz VI~

on (—oo,ul) .

Proposition 9.5. For any € > 0, we can arrange by choosing the constants Cq,...,Cy
sufficiently large that for all w and X in the range (Q.2),
R

Vi v
v =e om )

Proof of Propositions and [9.3 in the WKB case in (0.9). From (©.6) and (9.0, it
is obvious that

VLIVIIS A
Therefore, using ([@.9]), we find that
! "
Tl aa lod
VIE ™ ez a VI? ™~ e
This concludes the proof. O

It remains to prove Propositions and in the Airy and PC cases in (@0.9). We
distinguish the two cases

(a) w?>C1ReV (Umax) and (b) w? < CiReV (tUmay) - (9.15)
We begin with a preparatory lemma.
Lemma 9.6. In the Airy and PC cases,
A > w?, (9.16)

Moreover,
A < w? in case (a) and in the PC case. (9.17)
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Proof. From (@.9) and the form of the potential ([@.3]), we obtain
—C4 VA < ReV (Unax) < —w? + ¢

Applying ([@.2)) and increasing €7, we obtain (Q.I6]).
In case (a), we know that

A
w2 > e Re V (tumax) = € < —w?+ ;),
implying that
1
< —)w? < w?
AS <1—|— el)w < w®.
This gives ([@.I7)) in case (a).
Finally, in the PC case, we know from (©@.9]) that

A
CavVA > Re V (tnmax) > —w? + o

Choosing the constant C; in (9.2]) sufficiently large, we again obtain the inequality
in ([©@I7). This concludes the proof. O

The next lemma gives an alternative characterization of the cases in (O.15]).

Lemma 9.7. The mazimum of ReV satisfies the bounds

A
Re V (tUmax) S in case ()

~

e
N (9.18)
Re V (tUmax) 2 & in case (b) .
1
Moreover,
1
(tUmax — ud), (U = Umax) S e in case (a)
. (9.19)
—uk R _ > _— b
Umax — Uy )5 (U) — Umax) 2 in case .
( 0) ( 0 ) \/e—l ( )

Proof. In case (a), it follows that
2
Re V (tmax) - w' 1

A CiA ™~ G
where in the last step we applied Lemma Likewise, in case (b), from (©.I5)
and (Q.6]) we have the alternative estimates
2

> Y

A
Re V (tmax) and Re V(Upax) 2 —w?+ .

Multiplying the first inequality by €; and adding them, we obtain
A
(1+C1)ReV (tumax) = .
giving (O.18)).

In order to derive (@.19), we approximate the function ReV near its maximum by
a parabola. More precisely, according to (9.8])
1

A A
—% (U — Umax)? < ReV(u) — Re V (Upax) < ~3 (U — Upax)? if |u — Upax| < 3
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In case (a) we can arrange by increasing C; that ReV has a zero ué in a neighbor-

hood of .y, as is made precise in (@.I9). Likewise, in case (b) we find that the
function Re V' has no zero in a 1/€;-neighborhood of .y, implying (@.19)). O

For the remaining estimates, we consider the regions (—oo,u”) and (u ,00) sepa-
rately. We begin with the region (—oo,u”) as considered in Proposition 0.4l We treat
the two cases in (Q.15]) after each other.

Proof of Proposition in case (a). In this case, equation ([@.I0) reduces to
_1
ul =l — C3(C1Re V (tUpax)) © |w|_% . (9.20)
Moreover, by integrating (9.8]), we obtain for any u < u”,
A
—ReV(u) = —ReV(u) +ReV(u}) > % ((u — Umax)? — (ud — umax)2) .

Setting v = Upax — U and Vg = Upax — ué, we obtain

—ReV(u) > % (v? =) = 2% (v —vp)(v + vg) (9.21)
|ReV'(u)| < cAv. (9.22)
Using (9.20), we conclude that
1
|Re V'(u)|? < A2 9?2 < (€1 ReV (Umax)) 2 |w| v?
V()3 ~ X (v—wv9)3(v+uv9)® ~ AC3 (v + )3

Next, we can estimate Re V (uy.y) by

A o

0 =Re (V(ué)) > Re V(tUmax) — 2 V0 and thus Re V (Umax) S AVE . (9.23)

We thus obtain

[ReV/()? _ V& ol _we? _ V&
VP ~ 7€ Varuw? ~ &

where in the last step we used (@.I6). The imaginary part of V' can be handled
similarly. Namely, from (@.7) and (@.16]), we know that

| Im V' (u)]|? < A < 1
V)P~ X (=0 (v+v0)® = A2(0—v)2 (v+v0)?
Applying again ([0.20) and ([@.23]), we obtain

3
\ImV/(u)\2 ((‘31 ReV( mdx))‘*!w\% - ((‘31)\1}3)4\w]2
3 N 9 ~ 9
v Ve oru)t T ae (v o)
3 3 3 3
cCNTWEES & &
A2e? Vae:  /Cre:

This concludes the proof of the term involving the first derivatives.
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The second derivatives can be handled similarly as follows,

)

@1),@3)
!V”(u ! !Re V"( )! + !Im V”(u)‘ < c()\ + |wl)
\V”(u)] A < 1
|V (u)|? S A2 (v —v9)% (v+19)2 ~ A(v—10)3 (v + o)

1 1 1 1
@) (61 Re V(umax))2 |w] @E{D (61)\1)(2])2 |w] @ (3‘_12 v (5‘_12
- AC3 (v + ) ~oAC(v+w) G v+ T G
This concludes the proof. O

Proof of Proposition in case (b). In this case, equation (0.10]) reduces to

ut = ul — @y |w|_§ . (9.24)

Expanding the potential ([@.6) similar to (67), one sees that for sufficiently large A,
our potential satisfies the inequalities

V' (w)] < exer™ on (—090, Umax) (9.25)
V" (u)| < cxe™ on (—00, Unay) (9.26)
A 1
"(u) > — e — ax — = .
ReV'(u) > e e on ( 00, Umax el> (9.27)

for a suitable choice of the constants ¢, C2 > 1. Using (6.7)), (9.25]) and (9.27)), it follows
that

2 ué ! ué cA
Re(Q):/ ReV §c)\/ ewdv—7e“’“0

—0o0 — 00

ul ub—1 —
Re(Q2):/OReV’2$/O e“fvdvz)‘c‘f7 7o
—o0o 2 J—-c0 2

and thus
Ae 7
Cay
According to (G.8]), the imaginary part of © is uniformly bounded. Combining this
fact with the first inequality in (9.2]), we obtain

-
Ac e < w? < 2 e’ . (9.28)
2Cyy g

Combining the above inequalities for any u < uéd we obtain

ey < Re (Qz) < 2 e
7

—ReV(u / ReV’ > / e’ dv = L (e'yué — e“’“)
Cay

= eWO (1- eV “0)) > L (1 —67(“_“5)) w?,

62’7 — 2cCy

where in the last step we applied ([@.28)). Using (9.24)), we conclude that for any u < u”
and for sufficiently large |w|,

e
“ReV(u) > ——— L Cylw| 5 w? > 128 w5 (9.29)
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It follows that

~

! Yu yul 2 3
|Vl Sc)\e3 éc)\e30 5c6‘27|3w| <.ce <c6‘2>2
Viz  V]z V]2 V]2

V" cxer cC\*, _z

Obviously, the right side of these inequalities can be made arbitrarily small by increas-
ing 63. O

It remains to consider the region (u%®, 00) as considered in Proposition 1.5l We again

treat the two cases in (O.I5]) after each other.
Proof of Proposition in case (a). In this case, equation ([@IT]) reduces to
u? = ulf + @3 (€1 Re V(umax))_% AG |w|_§ .
Using Lemma [0.6] we know that R w%, so that
ult = u(If” + (‘33((‘31 Re V(umax))_% ]w\_% .

Therefore, the identity (9.20) again holds up to a uniform constant. This makes it
possible to proceed just as in the proof of Proposition after (0.20]). O
Proof of Proposition in case (b). In this case, equation (O.I1]) reduces to

uf = w4 Cy AT |w| L (9.30)

Using the form of the potential (6.5) and (6.6]), we obtain the estimates

ReV +w? = % on (Upax, 00) (9.31)
~1
A2
= uy > (9.32)
/ X
~ReVi(u) S -5 O (Unpax, 00) (9.33)
. A
V" (u)] < o on (Umax, 00) (9.34)
A 1
_ () > —
ReV'(u) 2 e on (umax + el,oo) , (9.35)

where we introduced the abbreviation

5\::)\+32+2akw@)\.
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Setting ug = u(}]%, for any u > uf we obtain the estimates

A (1 A 2

A ud—u

AN /1 1
ReV(u) —ReV(u) < —=— | —du=2(=—-=)=2 20— 9.36
eV(u) eV(u) 5 Co Sy u? Co <u2 u%) Co u?ud ( )
N ou?— 2
— |ReV(u)| > o L0 (9.37)
Co w?ud
~ 3 3 3
[ReV'| _ A €5 ud u _ 6 ul _ 6 ul
IReV|2 ~ ¥ X3 (u2—w2)? Az (u2—ud)? A3 (u— ) (u+ug)?
3 3 3
> > @3E ez 3} (w3 >
<% % < L W 8 (9.38)
2 (u—wup)? AZ Jwlz @z ar @2

In order to estimate the imaginary part, we again use the form of the potential (6.5))

and (6.6) to obtain

v <2 v < 4 (9.39)
3 3
V@) e el ud
TBetrNE N 2 38 PR 3 3 (9.40)
|[ReV(u)[2 U7 A2 (u? — ug)> A2 (u—wug)2(u+up)?
3 3 3 3
L& wug ERED el A jwfp € w (9.41)
= = 3 ~ 3 3 — 3 ° N
A (u—up)? Alwlz ezat ez VA

This gives the desired estimate provided that u < ¢ (for a constant ¢ > 0 which is
independent of the parameters A and w). For large u, on the other hand, we know that

W]

[ImV (u)| =~ — foru>c¢ (9.42)

I / I / 3 1 1

| mV(Z)| < mV(u)l 5@ oo L w2 1 (9.43)

Vw]z  [ImV(u)z U oz 348 AT

The second derivatives are estimated similarly:
A

[ReV"| = 5 (9.44)
[ReV"| @2 X € wluj _ _Clup EDEME X o €
|Re V|2 ut X2 (u? —ud)? T X (u— ug)? A w? CIXs  C3)3
| < ] (9.45)
| Im V" < vl (‘3_% ut ug @ Cluud m<m €3 u (9.46)
[Re V2~ w3 32 (u? —ul)? A3 (u — ug)? CIAs VAT

giving the desired estimate if u < ¢. On the other hand, if u > ¢, we again use (9.42])

to obtain
V| _ o]« _ 1 @m

~

Tm V2 ~ ud w? = Jw|ug

This concludes the proof.

1
1
2

|w| i
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9.3. Estimates in the WKB Region with ReV > 0. In this section we shall prove
the following results:

Proposition 9.8. For any € > 0, we can arrange by choosing the constants Cq,...,Cy
sufficiently large that for all Q and X in the range (Q.2]) where we are in the Airy case
(see (@I4)), the following WKB estimates hold:

L

v v .
iR S on b,

For the proof, we again consider the cases (a) and (b) in (O.I5) after each other.

Proof of Proposition in case (a). We proceed similar as in the proofs of Proposi-
tions and in case (a). It suffices to consider the region (Umax,ul?), because
on the interval (ui,umax) the proof is the same with obvious changes. In case (a),
equation (@.I3)) reduces to

o=

uf = uff — €3 A w73 (€1 Re V (tmay)) (9.47)

Moreover, in view of the inequality (@.I9), on the interval (umax,ul!) the second
derivative of ReV satisfies the inequalities in (0.8]). Hence, setting v = u — Upax
and vy = u(}]% — Umax, We obtain for all u € (Upax, u}_%)
AV
< —ReV'<cl

[
R

" Re V'(u) < c)\(vg - v2)

Re V(u) = Re V(u) — Re V(u(l]%) _ /u

u

= %(v% — v2) <ReV(u) < c)\(vg - v2) .

Combining these estimates with (@.47), we obtain

1
[Re V()] _ A2 0?2 _ (CiReV(unw))? w0
VP~ 30— o (0t 0F = A€ (vp + o)
Next, we can estimate Re V (upax) by
A
0 = Re (V(ué)) > Re V (Umax) — 3¢ Vo

implying that

Re V (Umax) S AVE . (9.48)

We thus obtain

|ReV’(u)|2<\/(3_1w_2 vo v2 <\/(3_1
VP ~ & X (wrwP~ €

where in the last step we used (@.I6). The imaginary part of V'’ can be handled similar
as in the proof of Proposition Namely, from (@.7)) and (@.16]), we know that

| Im V" (u)]? < A < 1
V()P ™~ A3 (vo —0)3 (vo +v)* ~ x2 (vo — v)% (vo + v)% '
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Applying again ([0.47)) and ([©.48]), we obtain
3 3
| Im V’(u3)|2 < (1R V() ol (€1hef) ol
[V (u)| 22 G§ )\% (v+v0)% )\% Gg (v + o)
3 3 3
it ¢ el
ytel T ovael el

This concludes the proof for the first derivatives.
The second derivatives are estimated similarly by

Njw

V)] < [Re V()] + |10V (0)] 2 e (v 14 ) S A
V" (u)| A ) 1
[V (u)]?2 ™~ A2 (vg —v)% (vo +v)2 = X(vo — )3 (vo + v)

1 1 1 1
LTIt T S
A2 C3 (v +v) A2 C3 (v + ) Cs v+wo — Cy
This concludes the proof. O

Proof of Proposition in case (b). In this case, the identities (O.12]) and ([@.I3]) sim-
plify to
ub = ul + e ]w\_% , uf:ué%—eg)\% ||t (9.49)
We first consider the interval [Umax — €7 ", Umax +C1 1] (according to (0.19) and (9.49),
this interval is contained in (uf,uf)). Combining the estimate (90.I8) with the upper
bound in ([@.8)), we know that on [ty. — (31_1, Umax + 61_1],
Ao A cA A
ReV > ——=A _max2>__—>—7
’ (u)_(?l p (1 e T e 207 T 20

where in the last step we increased C;. Moreover, from the right of ([@.4]) we know
that [V'[,|V”| £ A+ |w|. Hence

Vi@ o (ot fwl)? € €} €2 ¢
[V(u)) ~ A3 D N G
V" (w)]
VP~ 2~ x Y e

Choosing C7 sufficiently large, we obtain the result.

It remains to consider the regions (ui, Umax — 6'1_1) and (Umayx + (‘31_1, uf) In these
regions, we can proceed similar as in the proofs of Propositions and in case (b).
Namely, on the interval (u, . — C7") the inequalities (1.25)—(2.27) and (@.28) hold.
As a consequence,

v A A L
= > v — 2 (u_ vu ]
Re V(u) /ug ReV’ > e /uée dv e (e e’o) (9.50)

|V’(u)|2 (@) e_% e2ru
V@l ~ A (evu_evu(ﬁ)?"
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By computing its u-derivative, one sees that the last fraction is monotone decreasing
in u. Hence

|V’(u)|2 _ G_% e2fyui G_% 62—yui
V()P ~ A (ewi - ewé)g A B (v (uk — uOL))3 7

where in the last step we used the mean value inequality. Applying (9.28)) and (3.29),
we obtain

|V’(u)|2 _ e_% EQV(ui_“é) 63 by _ G_%’
V(® ~ X e (uk — uk)3 S A2 (Cs |w|")3 s’
which can be made arbitrarily small by increasing Cs (note that, in view of (@.49]),

the factor ¢2/(4¥~u0) s uniformly bounded). The second derivatives can be estimated
similarly as follows. First, using (3.26]) and (@.50)),

|V”( )| 62 evu
VWP ¥ % (e7e — emut)?

This is again monotone decreasing, implying that

|V”( )| 62 e*yui _ e_% e—y(ui—ug)
[V(u)P? & By (e'yui - 67“5)2 A eVué(ui —ub)?
2 2
T Tt
A w? (€3 |w|~3) C3

where in the last line we again applied (L(DSI) and (9.49)).
In the remaining region (umay + C7*,uff), we can again use the estimates (Q.31])—
([@35). Again omitting the index R, for any u € (tpax + €7, ul?) we obtain

o @ ) 11 A ud —u?
ReV(u):ReV(u)—ReV(uo):—/ ReV > _<___2>:_M

|Re V' (u)
[Re V(u)]

e
A2 (up —u)? A lwlFeiar el

| <
§N2
2

[Tm V' (u)
[Re V(u)]

Sl

This gives the desired estimate if v < ¢. On the other hand, if u > ¢ we again
apply (©.42]). This gives

[Im V'(u)| _
[Im V(u)|z ™
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The second derivatives are estimated similarly using (0.44)) and (©.45)]),

€ U= u, Uu, \ w
ReV"| _ A € w'ug __ G4 B2 03 3 A W’ 3
ReVE ~ ol 3 (uf —u2)? = X (up — u)? SR 2N @b
[Tm V"] _ |w] €Z  whug < CIuud M)<(E3U) €z w

|Re V|2 S w2 (u —u?)?2 T 33 (up — u)? ~ (-3%)\% \/—X’

giving the desired estimate if u < ¢. On the other hand, if u > ¢, we again use (9.42])
to obtain

| Im V”| |wl| u < 1

[ Tm V|2 S W w? Y w|

This concludes the proof. O

9.4. Estimates in the Airy Regions.

Lemma 9.9. In the Airy case, one can arrange by suitably increasing the constants
(‘31,...,@4 that

sup |V| (ui —ub)?2<e,.
[ul uﬂ

Proof. We consider the two cases in ([9.15)) separately. In case (a), we know from (9.19)

and (@.I0) that the interval [ul,ul] is contained in the interval [Umax — 3, Umax + 3]

Therefore, we can integrate the inequality (9.8) to conclude that for any u € [ul, u%],

Re V(Upax) 2 A (umax — u0L)2 (9.51)
|Re V(u)| < |ReV'( uo)‘(ui—uf)—i—)\(ui—uf)2 (9.52)

and thus
|ReV (u )\( uy — £)2§|ReV’(u€)‘(ui—u ) +)\(u+ uf)4. (9.53)

Moreover, similar to ([©.20)), the identities (O.10) and (@.12]) imply that

1
ub —uf =2€5(C Re V (tax))  |w| 73

Using this equation in (@.53]), we obtain two contributions, which can be estimated as
follows,

@22 ,
|Re V/(ug)‘ (ui — uf)3 < A Gg(@l Re V(umax))_5 ]w\_l
@D \

< Mg C3(CrAwg) 2w
1 @17 _1
=eje Azl < clep?

_2

A(ul —uB) S ACLCTE ReV (tnay) 5 w| 72

(X)) 2 _2 4 , @10 _2 _2
< C3C°C P A |wTs S €567 €E, %,
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where we used the abbreviation vy := Upax — u§. The imaginary part of the potential
is estimated similarly with the help of ([@.7]),

=

sup |[Im V| (ui - uf)z S |wl (ui — uf)2 Slwleie; ReV(umaX)_% \w[‘§

[ul uk]
@3 11 (ERL) 11
< e2e/tePAaslws < eZejte,t.
This can be made arbitrarily small by increasing C4. This completes the proof in
case (a).
In case (b), similar to (9.24)), the identities (O.10) and (@.12]) imply that

ub —ul =26, |w|_% . (9.54)
We integrate the inequality (3.25) to obtain for any u € [u®,uf]

@2)
|Re V(u)| < Ae?™o (uf —ut) < Corw? (uf —ul)

@353
= |[ReV(u)| (uf — u£)2 < Cow? (ul — uji)3 < 6.

This concludes the proof. O

Lemma 9.10. In the Airy case, one can arrange by suitably increasing the constants

61,. . .,64 that
sup |V (ulf —uf)? <ej.
[uf,uﬂ

Proof. We consider the two cases in ([O.I5]) separately. In case (a), we can proceed
exactly as in the proof of Lemma In the remaining case (b)), similar to ([0.30]), the

identities (O.10) and (@.I12) imply that
uf —uft =265 N0 w| ! (9.55)

Integrating (9.33)), we obtain for any u € [uf — uf?] that

>
| %

|Re V(u)| < (uf —ull) <

(uft)”
@)
—  |ReV(u)| (uf —uf)? < L (uF —uB)® < el

Similarly, using (©.39)),

[T V (u)| (uff — uft)? < = (uff —uf)?

This concludes the proof. O
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9.5. Estimates in the Parabolic Cylinder Region.

Lemma 9.11. In the PC case, one can arrange by suitably increasing the constants
61,...,64 that
sup |V| (u§ —ub)?2<el.
[ul ull]
Proof. We first estimate uft —u”. In the case Re V (umay) > 0, we know that Re V (ul)
vanishes. Hence, using (@.9) and again integrating (0.8, we obtain

A (umax - UOL)2 S Re V(umax) < 64 \/X

and thus
V4G
(umax - ué/) S 14 .
A1
Now we can use (Q.I0) to obtain
Ve @m /¢
(U — u2) < Y2 4 @4(C10,) 6 w| 72 < X2

Al

A \i
In the case Re V (umax) > 0, on the other hand, we know that ug = Upmax, SO that the
last estimate again holds. Repeating this estimate for uff — ., we conclude that

Ve
(uf —ul) S 357
A4
Combining the last inequality with (3.8) and (@.9), we obtain for any u € [u”, u%]
the estimate
V()] (02~ 02 S V()] (0~ )2+ sup V7] (uf — s

< -
[ul uf]

S eV (uff —ul)? 4\ (uff —ub)t < ed.

~

This concludes the proof. O

9.6. Estimates of the Zeros of Im V. For the T-estimates introduced in [20, Sec-
tion 3.2, the sign of ImV is of particular importance. More precisely, if y is in
the upper half plane and ImV > 0 (and similarly if y is in the lower half plane
and ImV < 0), then we can use these estimates setting g = 0 (the “good” sign). If,
however, the imaginary part of V' has the opposite “bad” sign, then the estimates ap-
ply only if |Im V| is small in a quite restrictive sense. In the next lemma, we identify
the regions where Im V' has a “good” sign and estimate Im V' in the regions where the
sign is “bad.”

Lemma 9.12. By choosing the constants Cs and Cr7 in (Q.2) sufficiently large, one can
arrange that

_1
wImV(u) >0 on ( — 00, Umax — € 2] (9.56)

N|=

wImV(u) <0 on (umax + €,
Moreover, on the remaining intervals, the function Im'V satisfies the inequalities

o).

wImV(u) 2 —w on (umax - §,umax] (©0.57)

_1
wImV(u) Sw on [umax,umax + ¢ 2) )
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Proof. Using the form of the potential (6.5]), one obtains the expansions

2

wImV:(Tzi_Laz)z<r2(r—3M)—a2(r+M))+(‘)(w0) (9.58)
%Rev = A %ﬁ +0(X%) + O(w)
~ rra (=3 — @+ M) £ O(N) +0w). (959

Comparing these formulas, one sees that the leading contributions to both functions
have the same sign as the factor r2(r —3M) — a? (r + M). In order to control the error
term, we denote the zero of the function r?(r — 3M) — a? (r + M) by u¢. Then the
Zero Uiy, of Im V' and the zero u,,,, of the function 9. ReV are given by

Uim = Ug + O(%) and Umax = Uf + (‘)<§> .

This proves (@.50). In order to derive (O.57), we need to take into account two con-
tributions: First, the error term in (9.58]), which is uniformly bounded and thus un-
problematic. Second, we need to take into account that the deviations of the zeros uy,
and U,y from ur may have the effect that the leading contribution to w Im V' in (9.58])
has the wrong sign. This contribution scales like

[T V| |tim — tinax| S |w] <O<$> + O(;)) =0(1),

where in the last step we used (@.2]) and (©@.I6]). This concludes the proof. O

10. INVARIANT REGION ESTIMATES

10.1. Estimates of qﬁ We again restrict attention to the parameter range (@.2)). We
consider the solutions ¢_ constructed in Theorem For ease in notation, we shall
omit the index —. We denote the corresponding solution of the Riccati equation by

4D

g(u) := ——=.

o(u)

According to Proposition [1.4] the WKB approximation holds on the interval (—oo, u”),
meaning that

, 1 [ ) , Vv’
¢ =~ e exp (:l:z/ \/—V> and g~ tivV-V— W (10.1)

with an arbitrarily small error, where the sign is chosen such that

lim £+v-V =Q.

U——0o0

Moreover, the integration constant is chosen in agreement with the normalization
convention in (63). The goal of this section is to estimate the solution ¢ all the way
0 U = Umax-

We begin with the parabolic cylinder case:
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Lemma 10.1. In the parabolic cylmder case, there is a constant Cq9 such that on the
interval [u” umay], the solutions ¥ and qﬁ are bounded in terms of its values at u® by

[9(u)] < € |g(u)] (10.2)
my(uk
fm () > "I Zé(g =) (10.3)
b ’LLL , ,
o(2) < |p(w)| < €olo(ul)]. (10.4)

Proof. Our strategy is to estimate y using the T-method as introduced in [20, Sec-
tion 3.2]. More precisely, we shall apply [20, Theorem 3.3] for a suitable function g.
Moreover, setting

v= sup [V],

[U£7Umax}
we choose 5
=2 and B=0. (10.5)
Then V and U are given by
V=0o?=2w and U=ReV—-0a?<—v. (10.6)
Moreover, the error terms El, ..., E, are bounded by
ReV’ Re V'
|Ey| < — |ReV —Re V| + —— < o+ —
\/_ (10.7)
]Im V] '
Ey=0, |Es| + |Ea] < (1+g).

N

The integral over the error term F, can estimated by

Umax R V/
/ |E1| S\/;(umax_ue)<1+ Sllp ‘ e3 ‘>
ul 2

[UE 7Umax} vz

The factor /2 (Umax — u”) was estimated in Lemma The factor Re V'|/ V3, on
the other hand, is bounded at the left end point u” because of the WKB estimate
in Proposition This bound can be extended to the interval (uf,umax) by using
that Re V'’ is monotone decreasing according to (@.8), i.e.

0 <ReV'(u) < ReV'(ul) for all u € [u”, Upay] - (10.8)

From Lemma [9.12] we know that Im V' and Im g have the same signs, except for the
error terms in (9.57). We choose

(W) = 0 ifwImV >0
W=V ifwImV <0.

Then, using (9.57) together with the estimate

vV~ )\ (umax - ’LLE)2 ’

Umax
\E3\+1E4\<f/ <1,
\/UL \/_ umax - )

we obtain
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Combining the above estimates, we conclude that

Umax
[, B+ 1B Bl + Bl 5 s
u

As a consequence, the function 7" is bounded by e®s. Tt follows that the inequality
g>T-1 ifImV <0

is satisfied for large A.
Having verified the hypothesis of [20, Theorem 3.3], we can apply this theorem to
obtain (I0.2) and (I03). The inequality (I0.4) is derived as follows. At u”, this

inequality clearly holds in view of the WKB approximation (I0.]). Expressing QS(U) as

d(u) = ¢(ul) exp </uz y>

it remains to show that the integral in the exponent is uniformly bounded. To this
end, we use (I0.2) to obtain the estimate

Umax
[, wm=es
uL

Zj(u{)‘ (umax - UE) ,S e9 |V(u£)| (umax - UE) S 6964 ’

where we employed the WKB approximation at u” and applied Lemma .11l This
concludes the proof. O

In the remaining Airy case, we need to consider the Airy region and the WKB region
with ReV > 0. We begin with the Airy region.
Lemma 10.2. In the Airy case, there is a constant Cy such that on the interval [u”, u” ]

7

the solutions 3 and <;5 are bounded in terms of its values at uZ by
[9(u)] < € |g(u)]
Im 3j(u”
Imy(u) > 7my(u_)
Co
o(ul)]
Co

Proof. Our strategy is to estimate y using the T-method as introduced in [20, Sec-
tion 3.2]. More precisely, we shall apply [20, Theorem 3.3] for a suitable function g.
Moreover, setting

< [d(u)] < € |d(ul)] .

v= sup |V],
[ul uf]
we again choose a and /3 according to (I03). Then V and U are again given by (I0LG).
Moreover, the error terms Ej, ..., E4 can again be estimated as in (I0.7)). The integral

over the error term F; can estimated by

uk /
[ iml s vret -t (14 s BT, (10.9)
ul

[ufuk] V2

The factor /v (ul — ul) was estimated in Lemma The factor Re V'|/ V3, on the
other hand, is bounded at the left end point u’ because of the WKB estimate in
Proposition This bound can be extended to the interval (u’, ui) again by using

the estimate (I0.8]).
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In order to control the error terms F3 and F4, we again distinguish the two cases
in ([@I5). In case (b), we know from Lemma [0.12] that Im V' and Im g have the same
signs, making it possible to choose g = 0. Hence

L

e+ Ui |IHl[ | | | | |
Es|+ |Ey| < myl e L Ly _ ¥l L _ LY.
\/uL ’ 3’ ’ 4’ ~ \/UL \/; ~ \/; ('LL+ 'LL_) y \/; ('LL+ u_)

the factor /v (ul — ul) was estimated in Lemma Moreover, the factor v can be
estimated with the help of ([@.29) by

It follows that

which can be made arbitrarily small by increasing Cs.
The remaining case (a) is more subtle. We begin by proving the inequality

“ReV(ub) 2 €2 €5 VA, (10.10)
To this end, we integrate ([O.8)) to obtain
Re V (Umax) ~ )\vg .
As a consequence, using (O.10), (9.12)) and (@.I7), we obtain
vg — v— = C3 (C’l Re V(umax))_% ]w\_%
= C3C 0 A Juo| F Jw|F = G301 Jug " A
and thus
(o — v_) [uo] 5 = €5 €T T A3 .
Hence

—ReV(v_):)\|vo—v_||vo+v_|2)\|vo—v_|% |v0—|—v_|%
3 3 1 3 1
:A((Uo—v_) |v0|%)2 <A@ TAI=e2e TV,
giving (I0.10).

Next, we know from Lemma [3.12] that Im V' and Im ¢ have the same signs, except
for the error terms in (@.57]). We choose

(u) = 0 fwImV >0
g\ = VI ifwImV <0.

Then, using (@.57) and (I0.7), we obtain
L
o mv| VX
/uL | B3| + |Ba| S Vv (ul —ub) ({ sup u_F_) _

uf,uﬂ 14 1%

(10.11)

The prefactor /v (uf —ul) was estimated in Lemma@.9. Moreover, using (I0.I0), we
find that the factor v/A/v in (I0II) is bounded by a constant. In order to estimate
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the term |Im V|/v, we compare the equations ([@.58]) and (9.59]) to obtain
/ /| @I6) /
|ImV|§M|ReV|§Mﬁ|Re3V| < £|Re3V|.
v A v A V3 \/X V2
The factor v/ can be estimated with the help of (@.7) and (6.3]) by

1 L _,L
Kg— sup |ImV|—|—u sup |ReV’|
)\ L , L )\ L , L
[ul ,u+] [UMUJJ
w| | Al p
Syt (wh—ud),

which is uniformly bounded in view of (@I6) and (@I0). In order to estimate the

remaining factor | Re V'|/ V3, we first note that this factor is uniformly bounded at u”
because of the WKB approximation (see Lemmal[d.4]). In order to extend this inequality
to u € [u”,u’], we make use of the monotonicity (see ([@.19), (O.10) and (@.8))

0 <Re'V(u) <ReV(ub).

We conclude that (I0.IT]) is uniformly bounded.
Combining the above estimates, we obtain in case (a),

L

Ut
[, VB Bl + sl + EA S €5
u_

As a consequence, the function 7' is bounded by e®s. It follows that the inequality
g>T—1 ifImV <0

is satisfied for large A.
Having verified the hypothesis of |20, Theorem 3.3], we can proceed exactly as in
the proof of Lemma [I0.Il This concludes the proof. O

Lemma 10.3. There are constants Cip and ¢ = c¢(\,w) such that in the WKB region
with ReV > 0 the following inequality holds on the interval [ui,umax],

b % Re 'V
Gl _ _ehw)  J RV
Clo ™ (ReV(u)7
Proof. In Proposition it was shown that the WKB conditions are satisfied on the
interval [, Upmax]. Thus the solution is well-approximated by the WKB solution

- i <C’1 ef“i v +Cse f"i W)
(ReV)1
with error terms which are under control in view of the estimates in [20]. Note that
one of the fundamental solutions in (I0.I2) is exponentially increasing, whereas the
other is exponentially decaying.

The estimate of Proposition implies that the WKB approximation (I0.I]) holds
at ul with an arbitrarily small error. Moreover, the estimates of Lemma give

< Cio|d(u)| -

é~ : (10.12)

uniform control of the solution on the interval [u”,u”]. As a consequence, the coef-
ficient C of the exponentially increasing fundamental solution in (I0.12]) is bounded
away from zero. This gives the result. O
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10.2. Estimates of ¢. We again restrict attention to the parameter range ([@.2). We
consider the solutions ¢_ constructed in Theorem For ease in notation, we shall
omit the index —. We denote the corresponding solution of the Riccati equation by
oy P(u)

P(u)

According to Proposition [I.5, the WKB approximation holds on the interval (uf?, o0),
meaning that

(is N 1
V=V
with an arbitrarily small error, where the sign is chosen such that

lim £+v-V = —w.

U—00

u !
exp <i1/ \/—V> and Y~ +iv-V— Z—V (10.13)

Moreover, the integration constant is chosen in agreement with the normalization
convention in ([G.10). The goal of this section is to estimate the solution ¢ backwards
in u all the way to ©u = Upay.

We again begin with the parabolic cylinder case:

Lemma 10.4. In the parabolic cylinder case, there is a constant Cg such that on the
interval [umax, u?], the solutions i and ¢ are bounded in terms of its values at u* by

9(u)] < €o |[Y(u)]
Im g(ult
Im y(u) > 20=)
Co
out)| |, .
< 130 < e o).
9
Proof. Follows exactly as in the proof of Lemma [I0.11 O

In the remaining Airy case, we again need to consider the Airy region and the WKB
region with ReV > 0:

Lemma 10.5. In the Airy case, there is a constant Cg such that on the interval [uf, uf?]

the solutions y and qﬁ are bounded in terms of its values at uf by

9(u)| < € |y(uld)|
Im g (u®
Im () > V02
Co

P(u) . .

20N < 3] < e o).

9

Proof. Our strategy is to estimate y using the T-method in [20, Theorem 3.3]. We set

v= sup |V]|
[uf,uﬁ]
and choose a and 3 again according to (I0.5). The function g will be specified below.
Then V and U are again given by (I0.6). Moreover, the error terms Ei, ..., E, are
again estimated by (I0.7]). The integral over the error term FE; can be estimated
exactly as explained after (I0.9]).
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In order to control the error terms F3 and Fj, we again distinguish the two cases
in [@I5). In case (a), we can proceed exactly as in the proof of Lemma In
the remaining case (b), we know from Lemma that Im V' and Im ¢ have opposite
signs, making it possible to choose g = 0. Next, from (9.37]), we know that

A (uf = o) (uf + o) (IEED(IISIID A ulf — ol

1/26— R\2(, R\2 R Cq R\3
1 (uf) (ug) L (uff)

It follows that
R
lmv) @D E r R
/uf TS el Sl fut
Ve A2 Jw| 72 = /G5 A6

@32), @30), @19 Ve A\
which can be made arbitrarily small by increasing Cg. This concludes the proof. [

A

H\Flwl

Lemma 10.6. There are constants Cip and ¢ = ¢(\,w) such that in the WKB region
region with ReV > 0 the following inequality holds on the interval [tyay, uf],

S o _chw) iRV
Cio ™~ (ReV(u))i

Proof. We proceed similar as in Lemma [[0.3] According to Proposition we know
that on the interval [tpay, uf] the WKB approximation

. 1 = [YrVV

o~ —— <016/R +Che fuﬁ >

(ReV)1

holds with an arbitrarily small error. By combining the results of Proposition
and Lemma [I0.5, we conclude that the coefficient Cy of the exponentially decaying
fundamental solution is bounded away from zero. O

< €10 ()] -

10.3. Estimates for Bounded w and Large A. In Section @ we restricted attention
to the case that |w]| is large (see (@.2])). We now consider the complimentary region
that w is in a bounded set, but again for large \. We exclude the case w = 0, which
will be considered separately in Section [[0.4l We thus consider the parameter range

0#£w?<@ and A>Cr. (10.14)

Choosing C; sufficiently large, the potential looks qualitatively as in the Airy case
in Section @ The real part of the potential is negative both at u = £oo with the
asymptotics ([6.6]) and (6.7). Since the summand involving A in (64) is non-negative,
for large A the real part of the potential will be non-negative on an interval (ug, ué%)
whose size tends to infinity as A — oo. We now work out the resulting estimates in
detail. The only major change compared to the estimates in Sectlon [Oland Sections[T0.1]
and [10.2] is that for large negative u we must approximate <;5 by Bessel functions and
must derive suitable error estimates.

Clearly, the real part of the potential again has a unique maximum u,,,,. We begin
with the estimates in the region (uy., 00). Expanding the potential (G.5]) gives (see
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also (9:371)) and (6.6]))

A
ReV = —w® + =+ O(u™?) (10.15)

25w u_2)

ImV:—T—I-O( (10.16)

The connection to the situation of large w considered in Section [0 can be understood
directly from the following scaling argument. Suppose that ¢(u) is a solution of the
Sturm-Liouville equation (6.4]). Then, introducing the new variable @ = wu and the
function ¢ (@) = ¢(u), we obtain

d? - . L, 1 V() (@
T 0() = = ¢'(w) = = V(W) ¢(u) = V(@) 6(a)

w

where the new potential V(i) has the asymptotics

- 1 U A -
ReV(a) = 2 ReV(;) =—-1+ =) +0(a 3)
IV (@) = — = 4 02
mV (i) = =+ (a=?).
This means that the potential looks just as before, but with w replaced by one. Hence
the above scaling argument makes it possible to change w arbitrarily. This explains
why the methods in Section [9 and Section again apply. The situation is even a bit

easier because we are in case (b) in (@.I5]). For clarity, we summarize these estimates:
According to (I0.I5), the function Re V' has a unique zero for large u,

W2
ReV (ulf) =0, u(})%:T

As in (@.30) and (9.49]) we set

+0(A7?).

ult = ull T ey AS |lw|7L.

Then the results of Proposition and Lemma [09.10] remain true for all w and X in
the range (I0.I4]). As a consequence, the fundamental solution ¢ satisfies on the in-
terval (u®, 00) the WKB approximation (I0.I3]), again with an arbitrarily small error.
Moreover, the behavior on the interval (uf, uf?) can be estimated as in Lemmal[0.5l Fi-

nally, on the interval (Umax, u@) one can estimate the solution exactly as in Lemma [10.6l

We come to the estimates in the region (—o00, Upay). Near u = —oo, the potential
has the asymptotic form (see also (6.7]))
V(u) =—-0*+¢ A+v)e™ +c AT 4 (‘)(627“) , (10.17)
where ¢ is the positive constant
T —To
c=——-,
PRI r?

co is areal constant, and v = v(w) is a linear polynomial in w with complex coefficients.
The real part of the potential again has a unique zero for large negative u,

ReV(ul) =0, ul = % log (%) (1+(‘)()\—1)) .



LINEAR STABILITY OF THE NON-EXTREME KERR BLACK HOLE 39

Obviously, uf tends to —co as A — oo. In order to see the basic difference to the
estimates in Section [ let us consider the situation that u < uf and Q = 0. Then V ~
cl ()\ + v) 7. Evaluating the expressions in the WKB conditions, we obtain

Vi, e V" e
V2 (A+v)2 VR A+
Since the exponential factors increase exponentially as u — —oo, the WKB conditions
fail if u < —log A. In particular, in the limiting case {2 = 0, the WKB approximation
does not apply near u = —oo. This is why the methods in Section [ and Section T0.1]

no longer apply. Instead, we use the xk-method introduced in [20] Section 3.3] to obtain
the following result:

—yu

Proposition 10.7. There are constants cy,¢1 > 0 such that for all w and X\ in the
range (I0.I4), the solution §(u) in Theorem [61] satisfies the estimate

Re¢(u) > ? ez — ¢ (10.18)
1

for all w in the interval

u € (—00, Unin) with Umin = — —c. (10.19)

Before coming to the proof of this proposition, we explain its significance and work

out an application. To this end, we evaluate the inequality (I0I8]) at © = Umyi,. Then
log A A

AT =g e T = VA : (10.20)

eco

which can be made arbitrarily large by increasing A (note that the factor 1/2 in (I0.19])
is essential). As a consequence, at u;, the summand Ae’* dominates the poten-
tial (I0.IT). This also implies that we are in the WKB regime. The inequality (I0.I8])
shows that in this regime, the solution g has a large real part, meaning that qﬁ is well-
approximated by the exponentially increasing fundamental solution. This gives rise to
the following result:

Lemma 10.8. There are constants Cip and ¢ = c(\,w) such that on the inter-
Val (Unin, Umax) the following inequalities hold

b(u c(A\w (" Re .
|¢( )| < ( ) re X R \/VS 610|¢(U)|,
C1o (ReV(u))a

for all w and X in the range (I0.14]).

Proof. We proceed similar as in the proof of Lemma [[0.3l As shown after (I0.20),
the WKB conditions are satisfied at u,,;,. Moreover, as in Proposition one verifies
that the WKB conditions are also satisfied on the interval (Umin, Umax). Thus on this
interval, the WKB approximation

. 1 e VYV - ['rVV

o~ ——— <Cl ejuf +Che /uﬁ >
(ReV)1

holds with an error which can be made arbitrarily small by increasing A. The inequal-

ity (I0I8]) implies that the coefficient Cy of the exponentially increasing fundamental
solution is bounded away from zero. O
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The remainder of this section is devoted to the proof of Proposition [I0.71 According
to (@), we know that Im ©Q < 0. Moreover, it suffices to consider the case

ReQ >0,

because the case Re ) < 0 can be treated in exactly the same way by considering the
complex conjugate equation. Then the solution <;5 with the asymptotics (6.9) starts
at u = —oo in the upper half plane. But, depending on the sign of the imaginary part
of the parameter v in (I0.I7)), its imaginary part could change signs. Thus there might
be ugi, € (—00, Umin) such that

Imy|(_ >0 and Imy‘(uﬂip,u <0. (10.21)

OO,uﬂip) min)

In order to treat all possible cases at once, in the case that Im y does not change signs,
we again work with (I0.21]) but choose ugi, = Umin.
We choose the approximate potential as

Vuw =-0+c(A+0)e™  with  0=i|lmv|+i (10.22)

and Q e C to be determined below. The corresponding Sturm-Liouville equation
¢"(u) = V(u)d(u) can be solved explicitly in terms of Bessel functions. Similar
to ([6.9]), we want to arrange the asymptotic behavior

P(u) ~ e as u — —00 .

This gives the unique solution

~ @ _og (¢ 17 o i)
PR G CIY ))“lg"’)P(H@)Im(% c1<A+ﬁ>ew>. (10.23)
Y

This solution is well-defined and regular. It is well-behaved in the limit  — 0. The
corresponding solution of the Riccati equation

. u
o

¢(u)

is also well-defined and smooth and has the asymptotics
ull)]glooy(u) =i0. (10.24)
Next, we choose
~ ~  ImQ

ReQ?=(14+6) Re2>0 and ImQ:l——|—5<0 (10.25)

for a parameter § > 0 which later on we will choose sufficiently small. Using these
inequalities in (I0.24]), one sees that the solution § starts at u = —oo in the upper
half plane. Moreover, as Im V > 0 (see (I0.22)) and again (I0.25)), we conclude that §
stays in the upper half plane,

Img >0 forall u e R.
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In order to get more detailed information on g, it is useful to again consider the WKB
approximation and expand it for large A,

~ 1 w =
G = 7= eIV (10.26)
YWKB = —:WKB =VV - Lj

'WKB 4V

1 a(A+o)yer
4 0241 (A + D) e

=+ede? —%—Fi’/—g;e% +0(A"2) (10.27)
1 1 ~
Re (fwks) Im (Gwks) = 3 Im (Fyxs) & 3 Im (V) . (10.28)

Clearly, this WKB approximation only applies if Ae”™ > 1. Even in this regime, it
is not at all obvious that ywkp approximates 3. Namely, the function ¢ is in general
a linear combination of the WKB solution in (I0.26]) and the other, exponentially
decaying WKB solution. As a consequence, the function § could have a different form.
It turns out that, using the explicit form of (I0.23]), the function gwkp does describe
the qualitative behavior of the solution correctly, as is made precise in the following
lemma.

Lemma 10.9. There are constants ca, ¢3, ¢4 such that for all w and X in the range

(I0I14), the functions

a:=Rey and g :=Imy (10.29)
satisfy on the interval (—o0, Uy (With Uy, according to (IQI9)) the inequalities

€2
1 ~
— <fB<c¢3 (10.31)
(3 &
2l
% <cgez . (10.32)

with

log A

Y
one can arrange that the problem depends on two parameters Q and b which both lie in
a bounded set. Indeed, by increasing the constant C; in (I0.14]) one can even arrange
that b is arbitrarily close to ¢;. Therefore, it suffices to analyze the perturbation of a
one-parameter problem.
In the variable v, the fundamental solution ¢, (I0.23)), becomes

d(v) ~ Ing <% \/l~)e7> .

~

vi=u+ and b:=c, <1 + Z) , (10.33)
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In the limit v — —oo, the argument of the Bessel function tends to zero. Using the
power expansion of the Bessel functions (see [27, eq. (10.25.2)]), one obtains

QZB(’U) ~ ein (ao +a; e“/v> + 0(62“{1})
P (v) ~ iQ(v) + i vai e’V + 0(627”)

§(v) = i+ YA o O(e%’”) ,
ao

where the complex coefficients ag and a; depend on © and b. These coefficients are
given in terms of the gamma function, and one verifies explicitly that they are non-zero.
This shows that the relations (I0.30)—(10.32]) hold for sufficiently small and negative v.

For large v, the Bessel function goes over to the exponentially increasing WKB
approximation,

o(v) =~ {1/% exp </ \/?> (10.34)
g<v>~ﬁ_%:\/zevv_92_m—efm

bew
()2 ()2
z Q w 1 Q
~ ez — e 2 —— e W

/7 44 ’

where ~ means that we neglect higher orders in e~7". Taking the real part of the last
equation, we immediately obtain

(10.35)

arxer (10.36)
giving in particular the lower bound (I0.30). Taking the imaginary part of (I0.35),

we can make use of the fact that, according to (I0.33]), the parameter b is real up to
an error of order 1/, so that

s w1 02 w1 0?2
Bre? O(—) —Im <—~> e 2 ———Im (—) e . (10.37)
A W 1 I

Using (I0.20]), we obtain at vnyiy := tUmin + (log A)/~ that

_ YYmin 1

e E o(%) —o(Ah), e RN Zo(aTh),  emn = (A72),

showing that the second summand in (I0.37)) dominates. Combining this estimate with
the upper bound (I0.36]), we conclude that also (I031]) and (I0:32]) hold at v = vpi,.

Since ImV > 0, we know furthermore that 3 remains strictly positive. Using the
validity of the inequalities (I0:30)-(I0.32]) asymptotically as v — —oo and at vp,;,, we
conclude that for every Q and 3, there are constants ca, ¢3 and ¢4 such that (I0.30)-
(I032]) hold for all v € (—00, Umin|. Since the constants can be chosen continuously in

the parameters Q and §, it follows that the constants can be chosen uniformly for the
parameters in any compact set. This concludes the proof. O
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Comparing (I0.I7) and (I0.22]), we obtain
Re(V — V) = —Re (92 - Q2) +0(e™) + O()\e%“)

@) Im? Q
= (25—1—52) <RG2Q+(1H_11_75)2

Im(V —V)=—1Im (92 — Qz) +cilm (v —0) ™ + o(e2w)

> +0(e™) +0(Xe*™) >0 (10.38)

=" ¢ Im (v —70) e + 0(62“/“)
2 (v — [Imp| — 1) ™ + 0(e2) <0, (10.39)
where the inequalities hold for sufficiently small w,i, = Unin(0).
We first consider the region (—o0, ug;,) where Imy > 0. Let us choose the function &.
Recall that this function is defined by

K(u) = % + % /_u ocIm(V -V), (10.40)

where g can be any monotone increasing function. Since Im(V — V) < 0, we may
choose g(u) as

o) = [ otm(v - V),

— 0
to obtain

Then [20, Lemma 3.4] simplifies to

As a consequence, the formula for the determinator [20, eqn (3.27)] can be rewritten
as follows,

D =20 Re(V - V) + % Re(V — V) +BIm(V = V) + (k— R)ImV (10.41)

I .
= <2a - ?—J) Re(V = V) 4+ 0(e™) + 0(Xe*) , (10.42)
where in the last line we used (I0.31]) and (I0:39]). Next,
ImV 206 —ImV  Im(V — V) 0Z3D 206 —ImV
204 —_ — = + = — = 2 (0] + -~ a—
26 2p 2p 2p
Im (j2 — ImV Im §/ 3 u
=+ m(y ~m ):a— my :a—ﬂ>\/xe%

23 23 25~ 2cs
where in the last step we applied (I0.30) and (I0:32]) and increased the constant C;
in (I0.I14]). Using (I0.38)), we conclude that

D= \/TX e <1 +0(e™) + 0(A 627“)> +0(e™) + 0(Xe®)

with a positive constant ¢ = ¢(§). By choosing ¢y in (I0.I9]) sufficiently large, we
can arrange that all the error terms are small on the interval (—oo,ug;p). Thus the

determinator is positive. We conclude that the invariant region estimate in [20, Propo-
sition 3.5] applies, giving the estimate (I0.I8]) on the interval (ugip, Umin)-
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It remains to consider the interval (ugip, Umin). Since we want to apply again [20]
Proposition 3.5], it is most convenient to take the complex conjugate of the equation.
This corresponds to the replacements

ImV - —ImV, ImV—-—-ImV, Imy— —Imy, Imj— —Img,....

Then the solution g is again in the upper half plane. The invariant circle is reflected
at the real axis (corresponding to the transformation 8 — —f). The only difference
compared to the above analysis is that the factor Im(V — V) in (I0.40) is now positive,
so that the integral in (I0.40) is increasing. Therefore, we now choose g = 0, implying
that k > 0. Using the formula for k — R in [20, Lemma 3.4], the last summand
in (I0:4T)) can be estimated by

k2 —Re(V = V) K2 Re(V — V)

(k—R)ImV = — ImV=——ImV-—-———"TImV
2(B+ k) 2(B+ k) 2(8+ k)
>—M Isz—w ImV ,
2(8+ k) 28

where in the last line we used the fact that Im V' > 0 (otherwise the solution y would
not have crossed the real axis), and that Re(V — V) is positive according to (I0.38).
Thus we have estimated the determinator by the expression in (10.42]), making it
possible to proceed just as on the interval (—oo, ug;,) above. Note that, estimating the

integral in (I0.40) using (I0.39]) for g = 0, one sees that
0<k<c on (—00, Unyin) (10.43)

(where ¢ is again a constant which is uniform in w and A in the range (I0.14)); note
that this inequality is trivial on the interval (—oo,ug;,) where k£ = 0).

In the above arguments we concluded that [20, Proposition 3.5] applies. It follows
that the solution ¥ lies inside the circle with center m = a + i and radius R, where «

as defined in (I0.29) and
U

R+B8=08+k, R-B=—_. 10.44
f=F+n =75 (10.44)
Here the function U is given by (see [20] eqns (3.3) and (3.17)],

U:=ReV—-a?—do =Re(V -V)—p5%. (10.45)

Let us analyze what our estimate means for the radius. Combining (10.44]) and (10.45]),
we obtain
. U . Re(V -V) B2

2R:(5+n)+6+/{:(ﬁ+n)+ 5vr  Fin

Re(V — V)
B—F/f

< (B+k)+

where we used that the summand S+ is non-negative according to (I0.31]) and (10.43)).
Next, we know from (I0.38]) that the term Re(V — V') is uniformly bounded and can
be made arbitrarily small by decreasing d. Also using that 8 and k are both positive

(see again (I0.31]) and (I0.43])), we conclude that

2R§B+/—i+%.
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Applying the estimates (I0.31]) and ([10.43]), we conclude that
)
R§c<1+g> <c(1+¢esda). (10.46)

The fact that y lies inside the invariant circle gives the inequality Rey > a — R.
Combining this inequality with (I0.46]), we obtain

Rey > (1—cezd)a—c.

We choose 6 so small that cc3d < 1/2. Using (I0.30) gives the inequality (I0I8). This
concludes the proof of Proposition [0.71

10.4. The Limit w — 0. In the construction of the Jost solution (b = (\b_ in Theo-
rem as well as in all the previous estimates of (b we always assumed that w # 0. We
now analyze the behavior of these Jost solutions in the limit w — 0, coming from the
lower half plane Imw < 0. Before beginning, we point out that if A is sufficiently large,
the asymptotics for small w is obtained immediately by taking the limit w — 0 in the
estimates of Sections and [[0.3l This can be understood directly by analyzing the
WKB conditions: For w = 0, the asymptotics of the potential in (I0.15]) and (I0.16))
simplifies to

Hence
V'] 2 V"6

\V\% = \/ﬁ <1 + O(u_1)> and e = m <1 + O(u_l)) )

showing that the WKB conditions are satisfied for large A near infinity. Combining
this result with the estimates in Section [9.3] one finds that for w = 0 and large A, the
solution <;5 is well-approximated by the WKB solution. Consequently, the behavior for
small w and large A can be described simply by perturbing this WKB solution.

If X is not large, we can use methods and results in [I7]. For self-consistency, we
now restate these results in our setting and outline the proofs.

Lemma 10.10. Setting

(%1 4N+ 452 + 8akw — 1) , (10.47)

DO =

g =

the following limit exists,

li TG = gy . 10.48
w—0, ImluI}lSO, w#0 w (b ¢0 ( )
The limit function quo is a solution of the Sturm-Liouville equation ([©.4) for w =0 and

has the asymptotics
(—4)"5 (20 +2)

uh—>n;o (UU (\ﬁo) - (20)sT(c+1—3s) (1049)

Proof. We proceed as in the proof of [I7, Lemma 10.10]. Again working in the r-
coordinate and writing the radial equation as

d2
— WT[)(T) +V(r)Y(r)=0, (10.50)
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the potential V has the following asymptotics near infinity:

isw + Mw? +)\+32 + 2akw — 2iM sw — 12M? w2
2

V(r) = —w? -2 +0O(r=3). (10.51)

r r

(this differs from the potential in [I7, eqn (8.6)] only by the summand (2akw)/r?).
Dropping the error term, the equation (I0.50) can be solved explicitly in terms of
Whittaker functions. Satisfying the correct asymptotics at infinity (6.10), one obtains
the unique solution

B(r) = — (2iw)s+2iMw Wi (2iwr)

where the parameters x and p are given by

1
k=35 — 2iwM and ,uza\/1+4)\+432+8akw—8iMsw—48M2w2.
For small w, this solution has the asymptotics

g _ L WSO (_4)_% P(20' + 2)
o) = 7% (2i)°T(c +1—s)

with o as in (I0.47). This function obviously satisfies (I0.48) and (I0.49).
The error term in (I0L5T]) can be treated exactly as in the proof of [I7, Lemma 8.1]

by a Jost iteration, taking the solution ¢ as the starting point. O

10.5. Estimates of the Large Angular Modes. Combining the estimates of Sec-
tions [0.IHIO.4] we obtain the following a-priori estimate:

Proposition 10.11. For any us, > 0, there is a constant C11 > 0 and N € N such
that for all n > N, the kernels of the Green’s functions s and of the operator g, ({3
and (T6)), satisfy for all w € R the bound

|e_w“8(u,u/)|, ‘e_w“g(u,u/)‘ < Cn for all u < Uuoo and —tso < U’ < Uno. (10.52)

Before coming to the proof, we point out that the exponential factor e™** compen-

sates for the exponential decay as u — oo of the fundamental solution (b(u) contained

in g(u,u’) (see (TH), (TH) (6I) and ([@.I)). In order to verify that this exponential
factor really controls the asymptotics uniformly in A and w, we need to estimate the

absolute value of the exponential in the WKB solution (I0.I]). This is done in the next
lemma.

Lemma 10.12. There is a constant C4 such that the following estimate holds in the
WKB region (—oo,ur) for all X and w in the range (0.2),

/UL<—w$Im\/W> < Cy.

—00

Proof. We begin with the PC and Airy cases. We again consider the cases (a) and (b)
in (9.15]) after each other. We begin with case (b). In the Airy case, we know from (9.7))
and (3.29) that on the interval (—oo,u”) the inequalities

e
Im V| < |w| and —Revze—?’\wy% (10.53)
2
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hold. In the PC case, by combining ([@.19) (in case (b)) with (@.8]) and (9.9]), we find
that —ReV > w?, so that (I0.53) again holds. As a consequence, the real part of V
dominates its imaginary part, giving rise to the expansion

Im v~V = —% (1+O(\w]_%)) .

Using the asymptotic form of the potential (I0.I7]), we obtain the expansions

V-V =Q- C—l()\—ku) e (l—i-(f)(ew))

20
— . a yu -1 yu
Rev/=V =Ref) = 505 ReOAe (1+ 007 +0(™)
ImV = —2Re(Q) Im(Q) + ¢; Imve™ + O(e*7)
and thus
— _ _a e cp e 1 1 Y
I v/=V = Im ) + ( SRen ™V Sap ) (10 + 0wl 73) +0(e7)) .

Using the notation (@.I]), we obtain the estimate
I A A
‘ —w—i—Im\/—V‘ < <| my] —) e < (1+ —) en
wl w? wl

where in the last step we used that the function v in (I0I7) is a linear polynomial
in w. Applying ([@.5]) gives the result.

In case (a), the last estimates apply without changes in the region (—o00, Umax — C_%)

away from the maximum of Re V. On the interval (umax — e 3 ,u™), on the other hand,
we know from (@.8) that |Re V”| ~ X\. Therefore, the WKB inequality for the second
derivative in (@4) implies that |V| 2 \/\/e = |w|/+/e (where in the last step we used
Lemma[0.6]). Combining this inequality with (9.7)), we see that for sufficiently small e,
the real part of the potential again dominates its imaginary part, implying that

| Im V|

V|ReV|

The inequalities (@.57)) in Lemma [@.12] show that |ImV (umay)| S 1, and integrat-
ing ([@.7)), we obtain the bound

Tm V(u)| S 14 |w| |t — tmax] -

on (umax - G_%,uf) . (10.54)

—w+Im\/—V‘ <14

Moreover, integrating (9.8]), we know that
|IReV| 2 A (u — umax)2 )

Hence
L

[tk
umax_(?7% V | Re V| ~ umax_67% \/X ’U - umax‘ \/X
‘ log(umax — UE)’ |w|
< + 2 10.55
ST A (10:59
which is uniformly bounded in view of (@I0), (@.17) and (@.2]). This concludes the
proof in case (a).

In the remaining WKB case, we use the following monotonicity argument: We in-
crease A until ReV (Umax) = —C4 VA. Then we are in the PC case (see (@), where

L
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the above method applies. When decreasing A, the real part of the potential increases,
whereas its imaginary part remains unchanged. Therefore, the inequality (I0.54]) re-
mains valid, and the integral (I0.55]) decreases. This concludes the proof. O

Proof of Proposition [I0.11]. Let us go through the different cases, beginning with the
parameter range that both |w| and A are large (@.2): First, according to Proposition @.4]
on the interval (—oo,uf ) the fundamental solution qﬁ is approximated by the WKB
solution in (I0.IJ), up to an arbitrarily small error. From Lemma we conclude
that the asymptotics of |¢(u)| is controlled by the exponential e®*, uniformly in A
and w.

We next proceed by analyzing the different cases in (@.9). In the WKB case, the
WKB approximation applies on the whole interval (—o00, U,y ). Likewise, on the in-
terval (Umax, 00) also the fundamental solution qﬁ is well-approximated by the WKB
solution. Moreover, the fundamental solutions g and ¢ lie in different half planes

(see (6.9) and (GI0)). This implies that
|s(u,u/)‘, |g(u,u/)‘ < —. (10.56)

Next, in the parabolic cylinder case, the estimates of Lemmas [I0.1] and I0.4] show
that (I0.50) again holds. Finally, in the Airy case, the estimates of Lemmas [10.2], [10.3]
and imply that qﬁ is increasing exponentially in the WKB region with Re V' >
0, whereas ¢ is exponentially decaying in this region. Hence ‘S(U,u’ )| and | g(u,u’ )‘
decay for large A, uniformly in w. This concludes the proof in the parameter range (9.2]).

If w # 0 is in a bounded set and A is large (I0.14]), the estimates in Section [10.3]
show that <;5 and <;5 behave again just as described for the Airy case. Moreover, as by
rescaling one can arrange a compact parameter range (as explained after (I0.33])), it is
obvious that the exponential e~®" in (I0.52) again controls the behavior as u — —oo
uniformly in all parameters. Finally, in Section [[0.4] it is shown that the fundamental
solution qﬁ as well as the Wronskian are continuous at w = 0, and that the Wronskian
is non-zero in the limit. This concludes the proof. O

The estimate of Proposition [0.11] gives us uniform control of the large angular
modes:

Proposition 10.13. For sufficiently large p, the following estimate holds for all u <

Uoo

(Uoo, ¥o)
£2(s?) = (n+1)2 (1 +Jw|)?

(R Q3 (H -+ 3i0)" Wo) ) ()]

5 |
lw + 3iclp
Proof. Using Proposition [[0.11] similar to (8.3]) we obtain the estimate

< C(too, ¥o) (1 +w? 4+ M) .

H (me Q¥ (H + 3ic)” %) (u)‘ .

Using the method in (8.0), one can generate factors of 1/\,,

1+w2+)\n

< C('LLOO,\IJQ) m .

(R Q3 (1 + 3ic)" Wo) ) (w)|

1
lw + 3ic|P H L2(S2)
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Since the operator A, involves w at most quadratically (see (6.3])), we obtain the
estimate
1 14+w?+ A
—F || (R @ (H + 3ic)” ¥ > ‘ o
|w + Bic|p H( an @ (H +3ic)" o) ) (u) (1 + |w[)P—20 AE

Choosing p sufficiently large and estimating the eigenvalues A,, from below with the
help of Proposition [A.2] we obtain the result. O

< C(uoo, \Ifo)

L2(S2)

Corollary 10.14. For sufficiently large p, the solution of the Cauchy problem for the
Teukolsky equation with initial data V]i—g = Yo € D(H) can be written for any t < 0
as
1 x e—iwt »
()= —— > i e (R @ (H + 3ic)” W) d
®=—55 2 /R_Z-e @+ 3icp \[lon On (H +3ic)" o ) duo

Here the series converges absolutely in the sense that for any € > 0, there is N such
that for allt < 0 and all u < U,

0 —iwt
. € w . \D
lim < /R s (van Q (H + 3ic) %) dw) ()

n=N
Proof. Our starting point is the integral representation (5.12]) in Corollary 54l Sepa-
rating the resolvent (Theorem [T1]), applying the estimates of the large angular modes
of Proposition I0.T3land deforming the contours (Lemma[R1l), we obtain the result. [

<e.

LQ(SQ)

11. RULING oUT RADIANT MODES

In the integral representation of Corollary [[0.14], we know that all integrands are
holomorphic for w in the lower half plane, making it possible to move the contour
arbitrarily close to the real axis. However, our analysis so far does not rule out the
possibility that the integrands might have poles on the real axis. We refer to such
poles as radiant modes. In this section we rule out radiant modes.

11.1. Ruling out Radiant Modes at w = 0. For w = 0, the potential (6.5]) simplifies
to

Viu) = AA +83\/m_<ak—i(r—M)s>2
(r2 + a2)2 V2 + a2 72 + g2
AA 2Vr24+a?  (r—M)?s?—a’k? . ak(r— M)

“EradeE T ey | (Rr@E Y eraee
In particular, one sees that the imaginary part of V' has a fixed sign,
ak (r — M)
Lemma 11.1. For every angular mode, the kernels of the Green’s functions s and
of the operator g, (TH) and (T6), are uniformly bounded in a neighborhood of w = 0
(here again Imw < 0).

ImV(u) = 2s >0. (11.1)

Proof. In view of the continuity results of Theorem and Lemma [I0.10] it remains
to show that choosing w = 0, the Wronskian w(¢, ¢g) (with ¢g as in (I0.48)) is non-
zero. Assume conversely that this Wronskian were zero. Then the solutions qg, <i50 are
multiples of each other. Thus there is a non-trivial solution ¢ of the Sturm-Liouville
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equation (6.4]) which decays both as u — +o0o. More precisely, this solution decays
exponentially as u — —oo (see ([6.9]), keeping in mind that 2 in (68) has a negative
imaginary part), whereas it decays polynomially as u — oo (see (I0.49). In particular,
the solution is in L2(R).

We now make use of an observation made previously in [2I], Section 9]. Multiplying
the differential equation for ¢ by ¢ and integrating, we obtain

_ T d2 (*_) ™ d2 - _ T o
0= [(o(-qz4v)e? [ (am+7)es= [ T35,

where in (%) we integrated by parts and used the decay properties of ¢ to conclude
that the boundary terms vanish. We thus obtain the relation

/ ImV [¢]>=0.
0

Using (I1.1)), we conclude that ¢ must vanish identically, a contradiction. O

11.2. A Causality Argument. In the following proposition we show that the sepa-
rated resolvent has no poles on the real axis. The method makes use of finite speed of
propagation and is an improvement of the method first developed for the scalar wave
equation in [12] Section 7].

Proposition 11.2. For anyn € Ny, the separated resolvent Ry, ,,, (7)), is holomorphic
in the lower half plane {Imw < 0}. Moreover, it is continuous up to the real axis, i.e.
the limit

R, ¥ = il\l}) (Rw_ig,n\ll) exists for allw € R.

Proof. Let wy € R. We want to show that R, ,, is continuous at wp. In the case wy = 0,
the result follows immediately from Lemma [[T.Jl In the remaining case wy # 0, for
test functions 11,72 € C§°(R) and a real parameter L we set

O (u,d,p) =m(u+2L) e~ the o210 L Owo,n (V) (11.2)

r2+a2

thest(uy 797 90) = 772(“) e—ik<p Gwo,n(ﬁ) ) (113)

where O, , is an eigenfunction of the angular operator A, corresponding to the
eigenvalue A,,. Moreover, we set

(@ A
\I’L = < 0 > and \I/test = <q>test> .

Finally, we let ¥, ; be the solution of the Cauchy problem with initial data ¥y, o = ¥y,.
Then, due to finite propagation speed, it follows that for sufficiently large L, the
functions U4 and Wies have disjoint supports if ¢ € [—L,0]. Hence for any power r € N,

I
0=7 /_L et ((H — wp)" ¥, ‘I’tost>L2(Rxsz> dt . (11.4)
Corollary [[0.14] yields the integral representation
(H — wo)T\I’E
1 & —iwt (w — wo)r

omi 2= N0 Jaie (w + 3ic)P

(me/ Q¥ (H + 3ic)" \I/L) duw ,
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where the infinite sum over n’ converges absolutely if for any given r € N we choose p
sufficiently large. Using this representation in (IT.4]) and introducing the short notation

- (w—wo)"

Srw = H + 3ic)’ vy,

L (w+3ic)p( +3i)" 0,
we obtain
.0
—_ ? —i(w—wo)t
0= gl\‘l% . 25 wn’ Q:;r :L,waqjtost>L2(RX52) z/—Le Hw=wo) dt
ez(w—wo)L -1 Y —
- ?\‘% e omagr P QB Ve sy - (119)

Let § > 0. Accordlng to Corollary [[0.14] we know that for sufficiently large N,

[e.e]

n'=N

uniformly for large L. Moreover, using Proposition [[0.13] we may choose wmax > 2 |wo|
such that

<4,

. i(w—wo)L __ 1 w —
t [ (R Q6 B Wi e

<4,

—Wmax Z w— wo _ 1
w = N,
/ /wmax C(w—wo)L (R Q% Epw, teSt>L2(RX~5‘2)

again un1formly in L. Using these estimates in (I1.5)), we conclude that

Wmax —1€ ei(w—wo)L —1

‘n’:o ENO J i —ice (w _ wo)L < w,n’ Qnr L,w tCSt>L2(R><S2)

<26,  (11.6)

uniformly for large L.
In order to estimate the remaining integrals, we iteratively apply the identity
1
———— R, QY (H + 3ic)?
(w+ 3ic)a ~ " @ (H + 3ic)
1 . . Ng—
= (w1 3i0 Rynr Q%) <(H —w)+ (w+ 3zc)> (H + 3ic)1™!
1 1

= w38 O T G rgige T Rew Qu (H +3ic)" 11.7
(w + 3ic)d Qn + (@ + 300y T e Q5 (H + 3ic) (11.7)

Using this relation in (I1.6]), the first summand in (II1) gives rise to integrals of the

form - y
Wmax T8 glwmwo)ll 1 (w—wo)" , Ly,
/ (w—=wo)L  (w+ 3ic)? (@ ¥e, \IlteSt>L2(]R><SZ) :

As the integrand is holomorphic in a neighborhood of wgy, we may deform the contour
into the upper half plane (keeping the end points fixed) such that |w — wo| > Wmax/2
along the contour. Taking the limit € \ 0, we obtain the integral along a contour I
which joins the points —wpax and wmax and lies in the upper half plane (see Figure [2]).
Then the bounds |¢!“~“0)L| < 1 and |w — wo| > Wmax/2 show that the integral tends
to zero in the limit L — oco. Therefore, for large L only the second summand in (I1.7])
must be taken into account. We conclude that for large L,

—Wmax —1€

Wmax—1€ oi(w—wo)l _ |

. (& . o
' Z:Ogl\‘r% _wmax_iffm (W—WO) <RUJ7TL’ Qn’ \IILalthSt>L2(RXSQ) < 35 (118)
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AImw

Rew
' . —>

—Wmax wo Wmax

FIGURE 2. The contour I'.

We proceed indirectly. Let us assume that the separated resolvents R,  have
poles at wg. Since the poles of meromorphic functions are isolated, there is a small
neighborhood of wy on the real axis where the resolvent has no other poles. Moreover,
we may choose n such that the pole of R, , has a pole of order ¢ > 1, and that
for all n’ # n, the separated resolvents R, ,  have a pole of order at most ¢q. By
choosing r = ¢ — 1, we can arrange that the integrand in (IL.8]) for n’ = n has a pole
of order one, whereas all the integrands for n’ # n have a pole of order at most one.

For all modes n/ with n’ # n, we can make use of the fact that ¥, is an eigenfunction
of the angular operator A, corresponding to the eigenvalue A, (see (IL.2])). As a
consequence, @)W = 0, and thus

‘<Rw,n’ Q(;L}/ \IJL, \I’tcst>L2(RX52)‘ = |<Rw,n’ (Qori’ - Q:ﬁ) \Iij \I’tcst>L2(RX52)‘ .

Next, since wy is real, the angular operator A, is self-adjoint and has simple eigenval-
ues (for details see [2I} Section 7]). Therefore, the operator Q¥, — Q.7 is given linearly
in (w —wp) by a standard first order perturbation calculation without degeneracies.
We thus obtain the estimate

‘<Rw,n/ Q:/ \I’Ly \I/teSt>L2(]R><S2)‘ < C(T]l,?’lzywo) |w — WO‘ .

Using this estimate in (IL.8]), the factor |w — wp| has the effect that the integrand is
bounded near w = wy. Due to the factor 1/L in (IL8]), the corresponding summand
in (IL.8)) tends to zero as L — co. We conclude that for sufficiently large L,

Wmax —1€ z(w wo)l _q )
‘ / w (U(])L (w - WO)q_ <Rw,n Q;‘; U, \Ijtost>L2(R><S2) <40 (11'9)
Wmax — 1€

Thus it remains to analyze the angular mode n: The integrand can be simplified
with the relations

<Rw,n Qoﬁ) \I/La \I’test>L2(RX52

)
= (Q¥ Oy s @wo,n>L2(S2)/ du/ dv @ (u) (%wm(u,v)); Diest (V)

= (Q} Ouo.ns @wo,n>L2(SZ)/ du/ dv @ (1) gu,(u, v) Prest(v)

where in the last step we used the explicit form of the kernel R, ,, in (7.8]). Since wp
is real, the angular operator A, is self-adjoint and has no degeneracies. A standard
perturbation argument implies that if |w — wy| is sufficiently small, the operator A, is
diagonalizable. Therefore, the nilpotent matrix A in (Z.06]) vanishes, so that g, = s,
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with s, given by (Z.5). We conclude that

<Rw,n Q;‘: \PL, \IItCSt>L2(R><S2)
w®wo,m®wo,n 2(92 0 , 00 .
= (Qn T )12(5?) </_OO O (u) p(u) du> (/_OO Diest (V) (V) dv> ‘

Using this relation in (I1.9), the integral can be computed with residues. Since the
Wronskian is assumed to have a zero of order ¢, we obtain

Wmax —1€ i(w—wo)L -1

1 67 _ q—l w
gl{% —oma—ie (@ —wo)L (w =)™ (Rean Q7 WL Wiest) 22y
_ ( Jim / B () b(u) du> ( / Brest (v) H(0) dv) (O O} 2(5%

ei(w—wo)L -1 (w _ W(])q_l

-1
(w —wo)L w(d, d) > +olL™).

Clearly, the residue is non-zero. Moreover, the limit L — oo of the first integral exists
in view of the asymptotics of the fundamental solution (6.9). By choosing the test
functions 7, and 7y in (IL2) and (I13]), we can clearly arrange that this limit as well
as the second integral are non-zero. We conclude that the integral in (11.9) has a non-
zero limit as € N\, 0. Since § can be chosen arbitrarily small, we obtain a contradiction.
This concludes the proof. O

X (—im) Resy, <

12. INTEGRAL REPRESENTATION AND PROOF OF DECAY

We now consider the Cauchy problem for the Teukolsky equation (2.3]) with smooth
and compactly supported initial data Uq = (®|;=9, D ®|i=0) € C(R x S%,C?) (we
always work in the Regge-Wheeler variable u € R (see (Z3])) and the function ¢ :=
V12 +a? ¢ (see (2.6])). We decompose the initial data into a Fourier series of azimuthal

modes (cf. ([24])),
Vo(u,0,0) = Y e ™ 0P (u, ).
keZ

By linearity, the solution Cauchy problem for ¥g is obtained by solving the Cauchy
problem for each azimuthal mode k and taking the sum of all the resulting solutions.
In the next theorem an integral representation for the solution of each azimuthal mode
is given and it is shown that the solution decays pointwise.

Theorem 12.1. For any k € Z there is a parameter p > 0 such that for any t > 0,
the solution of the Cauchy problem for the Teukolsky equation with initial data

Ulmg = e *e 0P 9)  with O e c®® x 5%,C?)
has the integral representation

\P(t7u7197 (70)
__ b —ikww/wLm . AP g ®)
=3¢ nZ:;] Twtaiop <Rw’n Qs (H + 3ic)” ¥ )(u,z?) dw .

(12.1)
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Moreover, the integrals in (I2.1)) all exist in the Lebesgue sense. Furthermore, for
every € > 0 and us € R, there is N such that for all u < uo,

L=

e (R2 @5 (H + 310 9() (u)
Proof. Starting from the result of Corollary [[0.14] we apply Proposition to move

dw < €. 12.2
(w + 3ic)P vee (12:2)
the contour up to the real axis. O

L2(82?)

Corollary 12.2. For every k € Z, the solution of the Cauchy problem for the Teukolsky
equation with initial data V]—g = \I'((]k) € D(H) decays pointwise, i.e.

lim W(t,u,9,0) =0 in LS.(R x S%).
t——o00
Proof. Given € > 0, we choose N such that (IZ2) holds. For each of the angu-
lar modes n = 0,...,N — 1, the Riemann-Lebesgue lemma gives pointwise decay
as t — —oo, locally uniformly in the spatial variables. We conclude that ¥(t) decays
in leo (RxS 2 C?). Differentiating the equation with respect to ¢, we conclude that all
time derivatives 9f ¥(t) decay in L2 (R x S?,C?). Using the Teukolsky equation (3.2)

and applying the Sobolev embedding theorem, we obtain pointwise decay in LS. [

For clarity, we point out that, applying the Teukolsky-Starobinsky identities (see
for example [5]), one also gets decay of all other components of the spin s wave.
Applying the above corollary to the lowest component of the spin wave with reversed
time direction, one also gets decay of the Teukolsky solution ¥ in the limit ¢ — +oo.
In the case s = 2 of gravitational waves, the corresponding metric perturbations can
be constructed as explained in [24].

13. CONCLUDING REMARKS

We close with a few remarks. We first point out that the integral representation
of Theorem [I2.1] is a suitable starting point for a detailed analysis of dynamics of
the solutions of the Teukolsky equation. In particular, one can study decay rates
(similar as worked out for massive Dirac waves in [12]) and derive uniform energy
estimates outside the ergosphere (similar as for scalar waves in [16]). Moreover, using
the methods in [14], one could analyze superradiance phenomena for wave packets in
the time-dependent setting.

We finally comment on the limitations of our methods. First, we do not aim for
minimal regularity assumptions on the initial data, and we do not analyze decay in
weighted Sobolev spaces. Also, we do not study to which extent our estimates are
uniform in the support of the initial data. Moreover, we do not consider whether our
estimates are uniform in the azimuthal separation constant k, and we do not analyze
the convergence and decay properties of the infinite series of azimuthal modes. Indeed,
the analysis of the infinite sum of azimuthal modes is closely related to the analysis
of optimal regularity. Namely, for smooth initial data, the coefficients of the Fourier
series (LLTI)) clearly decay rapidly in k, so that the convergence of the k-series is not
an issue. The question of whether this rapid decay in k also holds for later times is
intimately linked to the question of whether the regularity of the solution (as quantified
by suitable weighted Sobolev norms) is preserved under the time evolution. As just
mentioned, such regularity questions are not addressed in this paper. In order to
attack these important open problems, it seems a promising strategy to us to combine
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our methods and results with techniques of microlocal analysis as used in [22] to study
the high frequency behavior in the related Kerr-De Sitter geometry.

APPENDIX A. SOME ESTIMATES OF THE ANGULAR EIGENVALUES

As in [21] Section 2] we rewrite the angular equation in (6.I) as the eigenvalue
equation
Hé=1o, (A.1)
where H has the form of a one-dimensional Hamiltonian
2

7 —
du?

+W

with the complex potential

1cos2u 1
W:__T__ - 2
4 sin“u 2 sin“u

(Qsin®u + k — scosu)?

1 1
:Q2 Sin2u—|— <k2+82——> 5 + ZQk—Sz——
4/ sin“u
COosUu

sin? u

— 2sQ cosu — 2sk (A.2)

and u =19, Q := —aw.
We begin with estimates for real 2. Then, as explained in detail in [21I, Section 5
and 7], the Hamiltonian has non-degenerate eigenvalues \g < A; < ---.

Lemma A.1. There is a constant ¢ > 0 such that
1
An > = (1+1]9)) for allQ e R.
c

Proof. 1t clearly suffices to prove the inequality for the lowest eigenvalues A\g. In the
formulation as an eigenvalue equation for the partial differential operator on the sphere
(see [21), eqn (1.1)]), the angular operator is a sum of two positive operators. Hence
its spectrum is clearly non-negative, so that Ay > 0. Assume that the statement of
the lemma is false. Then there is a sequence (Q%)seny with |Qf] — oo, so that the
corresponding eigenvalues )\6 satisfy the relation

A6

] —0.
Let us derive a contradiction. Due to the summand Q2 sin? u, the potential is positive
except possibly at a neighborhood of © = 0 or 7. Near the pole at u = 0, the potential
has the asymptotic form (see [2I], eqn (11.18)]),

A
V(u) = 2 + 0% u? —25Q — p + O(|Q|U2) + O(|Q|2U4)
1
A= (k—s)?—=
(ks
1
=X — 20k + s>+ - .

4
Introducing the new variable @ = +/|Q|u, the eigenvalue equation (A becomes

( i +f/(ﬂ)>¢:0

- da?
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with the new potential

A 2sQ+pu <a2> <a4>
— =+ P+ O = ) O s
u? €2 €2 €2
1 (k—s)? 5 Ao a? at
=+ 42k —s) U - =+ O = |+ 0O =),
u? € € €2
where the plus and minus signs correspond to the cases 2 > 0 and Q < 0, respectively.
Hence the potential can be regarded as a perturbation of the potential
- 1 (k — s)?
442 a?
For this potential, the fundamental solution with the same asymptotics as <;5 is given
explicitly in terms of generalized Laguerre polynomials (see [27, §18.8.1]),

+2(k —s) +a*.

1
+(k—s) Lijl:(k 5)( o ’L~L2) ]
Considering the asymptotics for large @, one sees that this function is strictly monotone
increasing for large @. A perturbation argument shows that the same is true for the
eigenfunction ¢ if ¢ is sufficiently large (this perturbation argument could be carried
out in a straightforward way for example by performing a Jost iteration, taking @asy
as the unperturbed solution; for details see [12] Section 3] or [§]). This implies that
for any sufficiently large ¢ and sufficiently large €],

¢|,_.>0.

Repeating the above argument at the pole at ©w = —m, we conclude the the eigen-
function ¢ has the properties that for any sufficiently large ¢ and sufficiently large ||,

(b'(c\Q]_%) >0 and (25/(71'—6‘9’_%) <0.

Moreover, the potential is positive on the interval (c |Q|_% ,T—C |Q|_% ), implying that ¢
is convex on this interval (see for example [I5], Section 5]). This is a contradiction. [

Proposition A.2. There is a constant c such that the eigenvalues A\, satisfy the
inequalities

(n+1)2

. <A <l (n+1)2 for alln € Ny and Q € R. (A.3)

Proof. We shall apply [2I], Corollary 7.6], which states that if for given \,, we choose
two intervals Iy, Ir C (0,7) such that potential V' is non-negative on the complement
of these intervals, and if we choose any two solutions g and ¢ of the Riccati equation
on the intervals Iy, respectively Ir which lie in the upper half plane {Imy > 0}, then

m(n—2) < / Imy—l—/ Imy < 7(n+2).
I In

We choose the intervals as Ij, = (O,min(ui,umax)) and Ip = (max(uf,umax),w).
Then obviously ReV > 0 on the complement of these intervals.

Thus our task is to estimate the integral of Im ¢ over the interval I, (and similarly
for the integral of Imy over Ir). Here we want to use the results of the detailed
estimates of the Riccati solutions near the poles and in the WKB and Airy regions
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carried out in [19, 20, 21]. These estimates apply in the parameter range (see [21,
Section 10.1], keeping in mind that now the potential is real)

’Q‘ > Gy (A-4)
2> es]0). (A.5)

Let us argue why we may restrict attention to this parameter range. First, for £ in
a compact set, the inequalities (A.3)) follow immediately from a continuity argument
and Weyl’s asymptotics (see [2I], Section 7.3]). Therefore, we may restrict attention to
large ||, (A.4). Next, for proving the upper bound in (A.3), it is clearly no restriction
to assume that ([A.5]) holds. For the lower bound, we can argue as follows: Given N €
N, for the first N eigenvalues, the lower bound in (A.3]) follows immediately from
Lemma [A 1l On the other hand, by choosing N sufficiently large, we can apply [21]
Proposition 7.7] to conclude that

An > C5 |9 forallm > N .

Therefore, we may indeed restrict attention to the parameter range (A4) and (A5).
The detailed estimates of the Riccati solutions near the poles and in the WKB and
Airy regions carried out in [19] 20, 21] show that

L L
1 Uy Uy
—/ \/—Vg/ Imy < e/ V-V
¢ ueL I, ueL

(and similarly for the integral of Im ¢ over /). Thus it remains to estimate the integral
of v/=V. In order to get upper estimates, we restrict attention to the interval (uy,ug)
near the pole, where (see |21} eqns (10.8), (11.12) and (11.19)])

¢
VRe A
On this interval, the potential can be estimated by (see [21, eqns (11.14) and (11.18)])

c A
Vi) < — - A< ——,
where in the last step we increased the constant €. Hence

1
nZ/ \/—VZ\/X(UO—W)Z <|%L|>2
ug

We thus obtain the estimate

up = and g = Al \Q]_% —Hf)(]Q\_%) .

An S 19QIn?,
proving the upper bound in (A.3)).
In order to obtain simple lower bounds for the eigenvalues, we make use of the fact
that away from the pole region, the potential is bounded by

V‘( )Z—)\.

uQ,mT
Hence .
U uo U A 3
n5/ \/—V:/ \/—V+/ V7 < (22) 4 o,
Uy Uy uo
€
giving rise to the estimate
An =02,
This concludes the proof. O
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Lemma A.3. For any given c¢; > 0, we let U C C be the region
Im Q| < ¢y, Q] > €y . (A.6)

Then for any n € Ny, there is a constant ¢ = ¢(n,c1,C4) > 0 such all spectral points A
of the angular operator A, restricted to the image of the operator Q% are in the range

Q

1 <Al < |9 forallQ e U . (A7)
c

Proof. If Q is real, the inequalities (A7) were already derived in Lemma [AJ] and

Proposition In order to extend these results to complex €2, similar as in [21]

Section 16] we consider the homotopy

W, = r WI[Q] + (1 — 7) W[Re )] (A.8)

with 7 € [0,1] (where the argument in the square brackets is the respective value for
the parameter Q in (A.2])) Then for 7 = 0, the potential W is real, and the results of
Lemma [A. 1] and Proposition [A.2] apply.

In [21I] Section 16] a similar homotopy was considered, and the eigenvalues were
traced in detail. However, as we will become clear below, these estimates are not good
enough for getting the lower bound in (A.6]) for the first NV spectral points, making it
necessary to slightly refine the method. In preparation, we now explain an alternative
method for tracking the eigenvalues. Apart from giving a different point of view, this
method has the advantage that it can be refined to get the required control of the
first N spectral points.

For families of self-adjoint operators, the change of the eigenvalues can be estimated
in terms of the sup-norm of the perturbation, i.e. (see for example [23])

ISWESIN} (A.9)

This inequality is not necessarily true for non-selfadjoint operators. But it holds in
our setting up to a uniform constant, if we make use of the fact that the spectral
operators Q¥ are uniformly bounded (7.2)). In order to make the argument precise, we
first consider a non-degenerate eigenspace, in which case the eigenvalue A, (7) depends
smoothly on 7. Differentiating the eigenvalue equation

(H(T) - )‘n(T)) ¢n(7—) =0
with respect to 7, we obtain
(H =) én = (H = An) ¢n
(where we omitted the argument 7, and the dot denotes the 7-derivative). Multiplying
by Q%, the left side vanishes, and thus

OZQ:‘: (H_An) ¢n:Qoﬁ)H¢n_)\n¢n (A.lO)
Taking the norm and using (7.2), we obtain the estimate
An| < e | H|| = e ||| (A.11)
Integrating this inequality, we obtain (A.9)), up to the constant ca,
|AN| < 2 [|[AW]). (A.12)

In the general case with degeneracies, the situation is more involved, because the
eigenvalues no longer depend smoothly on 7. But the spectrum is still continuous
in 7. Moreover, the eigenvalues depend smoothly on 7 except at the points where
degeneracies form and the dimensions of the invariant subspaces change. Therefore,
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the inequality (A.11]) shows that the total variation of the change of the spectral points
can be estimated by a constant times [|AW].
Using the assumption (AL6) in (A.2)), one sees that for our homotopy (A.g)),

AW = Wy — Wl S 19
Using this inequality in (A.12]), we obtain
Ml — An[Re Q)] < 1. (A.13)

Combining this estimate with the upper bound in (A.3]), we obtain the upper bound
in (A7). Moreover, the lower bound in (A.3)) gives the lower bound in (A7), but only
if n is sufficiently large and 2 not too large.

In order to derive the lower bound in ([A.3]), we make use of the fact that for large |Q,
the eigenfunction is localized mainly near the poles, where the imaginary part of W is
bounded uniformly in [©2|. This is made precise by the following estimate: We choose
a test function n € C*°((0, 7)) taking values in the interval [0, 1] with the properties

suppn C |:|Q|_%,7T - |Q|_ﬂ and =1. (A.14)

) 2102, 7—210| 2]
Clearly, n can be chosen such that supyg - In"| < |Q. Integrating by parts, we obtain
2 [CuReviofdu= [0 (50" + 7o) du= [ (w10 - 167) du.

giving rise to the inequality
[ ReV ol du s 190 olo
Using (A22)) as well as the upper bound in (A7), we conclude that
Re (%) [ lof sinudu < 19 0] (A15)

(note that, in view of (A.14]), the summands with poles in (A.2) are pointwise bounded
on the support of 1 by a constant times |€2|). Moreover, using that the function sinu
has zeros at 4 = 0 and u = 7, we also have

Re () [ (1= [of? sin®udu 519 o]

Adding this estimate to (A.I5]), we obtain the inequality

/0 19| sin®udu < ”Tg“zf . (A.16)

We now multiply our flow equation (A.I0) by ¢ and integrate. Omitting the index n
of the wave function ¢,,, this gives the estimate

[Anlllglle < Qs [|[Wro)l s - (A17)
Next, we estimate the last factor as follows,
1012 = [ 17 o au < 7,11, [ I 162 du S o) [ 172 1o
Again using the explicit form of the potential (A.2]), one sees that
|W, — 2iQ sin®u| S 1.



60 F. FINSTER AND J. SMOLLER

We thus obtain

i 2 2 2 [T 2 2 @ 2
[W-g|| 7. S 191 lellZ2 + |9 | s o1 du S |Q] |72 -
Using this inequality in (A7), we get

M| S ViRl @2 < Vial,
where in the last step we again used (Z.2]). We thus obtain the following improvement

of (AI3),

Ml = Au[Re )] < VIO
Combining this estimate with the result of Lemma[A ] gives the lower bound in (A.T]).
This concludes the proof. O

Acknowledgments: We would like to thank Yunlong Zang for helpful comments on the
manuscript. F.F. is grateful to the Center of Mathematical Sciences and Applications
at Harvard University for hospitality and support.

REFERENCES

[1] L. Andersson, T. Bickdahl, and P. Blue, A new tensorial conservation law for Mazwell fields on
the Kerr background, larXiv:1412.2960 [gr-qc] (2014).

[2] L. Andersson and P. Blue, Uniform energy bound and asymptotics for the Mazwell field on a
slowly rotating Kerr black hole exterior, larXiv:1310.2664] [math.AP], J. Hyperbolic Differ. Equ.
12 (2015), no. 4, 689-743.

, Decay of solutions to the Mazwell equation on the Schwarzschild background,
arXiv:1501.04641 [math.AP], Class. Quantum Grav. 33 (2016), 085010.

[4] A. Bachelot, Superradiance and scattering of the charged Klein-Gordon field by a step-like elec-
trostatic potential, J. Math. Pures Appl. (9) 83 (2004), no. 10, 1179-1239.

[5] S. Chandrasekhar, The Mathematical Theory of Black Holes, Oxford Classic Texts in the Physical
Sciences, The Clarendon Press Oxford University Press, New York, 1998.

[6] M. Dafermos, G. Holzegel, and I. Rodnianski, The linear stability of the Schwarzschild solution
to gravitational perturbations, larXiv:1601.06467 [gr-qc] (2016).

[7] M. Dafermos, I. Rodnianski, and Y. Shlapentokh-Rothman, Decay for solutions of the wave
equation on Kerr exterior spacetimes III: The full subextremal case |a| < M, larXiv:1402.7034
[gr-qc], Ann. of Math. (2) 183 (2016), no. 3, 787-913.

[8] V.de Alfaro and T. Regge, Potential scattering, North-Holland Publishing Company, Amsterdam,
1965.

[9] F. Finster, N. Kamran, J. Smoller, and S.-T. Yau, Decay rates and probability estimates for
massive Dirac particles in the Kerr-Newman black hole geometry, arXiv:gr-qc/0107094, Comm.
Math. Phys. 230 (2002), no. 2, 201-244.

, The long-time dynamics of Dirac particles in the Kerr-Newman black hole geometry,

arXiv:gr-qc/0005088, Adv. Theor. Math. Phys. 7 (2003), no. 1, 25-52.

8]

[10]

[11] , An integral spectral representation of the propagator for the wave equation in the Kerr
geometry, gr-qc/0310024, Comm. Math. Phys. 260 (2005), no. 2, 257-298.

[12] , Decay of solutions of the wave equation in the Kerr geometry, gr-qc/0504047, Comm.
Math. Phys. 264 (2006), no. 2, 465-503.

[13] , Linear waves in the Kerr geometry: a mathematical voyage to black hole physics,
arXiv:0801.1423| [math-ph], Bull. Amer. Math. Soc. (N.S.) 46 (2009), no. 4, 635-659.

[14] , A rigorous treatment of energy extraction from a rotating black hole, arXiv:gr-qc/0701018)

Comm. Math. Phys. 287 (2009), no. 3, 829-847.

[15] F. Finster and H. Schmid, Spectral estimates and non-selfadjoint perturbations of spheroidal wave
operators, J. Reine Angew. Math. 601 (2006), 71-107.

[16] F. Finster and J. Smoller, A time-independent energy estimate for outgoing scalar waves in the
Kerr geometry, larXiv:0707.2290/ [math-ph], J. Hyperbolic Differ. Equ. 5 (2008), no. 1, 221-255.


http://arxiv.org/abs/1412.2960
http://arxiv.org/abs/1310.2664
http://arxiv.org/abs/1501.04641
http://arxiv.org/abs/1601.06467
http://arxiv.org/abs/1402.7034
http://arxiv.org/abs/gr-qc/0107094
http://arxiv.org/abs/gr-qc/0005088
http://arxiv.org/abs/gr-qc/0310024
http://arxiv.org/abs/gr-qc/0504047
http://arxiv.org/abs/0801.1423
http://arxiv.org/abs/gr-qc/0701018
http://arxiv.org/abs/0707.2290

[17]
18]
[19]
[20]

21]

LINEAR STABILITY OF THE NON-EXTREME KERR BLACK HOLE 61

, Decay of solutions of the Teukolsky equation for higher spin in the Schwarzschild geom-
etry, arXiv:gr-qc/0607046, Adv. Theor. Math. Phys. 13 (2009), no. 1, 71-110.

, Error estimates for approximate solutions of the Riccati equation with real or complex
potentials, arXiv:0807.4406! [math-ph], Arch. Ration. Mech. Anal. 197 (2010), no. 3, 985-10009.

, Absence of zeros and asymptotic error estimates for Airy and parabolic cylinder functions,
arXiv:1207.6861/ [math.CA], Commun. Math. Sci. 12 (2014), no. 1, 175-200.

, Refined error estimates for the Riccati equation with applications to the angular Teukolsky
equation, larXiv:1307.6470 [math.CA], Methods Appl. Anal. 22 (2015), no. 1, 67-100.

, A spectral representation for spin-weighted spheroidal wave operators with complex as-
pherical parameter, larXiv:1507.05756! [math-ph], Methods Appl. Anal. 23 (2016), no. 1, 35-118.

[22] P. Hintz and A. Vasy, The global non-linear stability of the Kerr-de Sitter family of black holes,

arXiv:1606.04014 [math.DG] (2016).

[23] T. Kato, Perturbation Theory for Linear Operators, Classics in Mathematics, Springer-Verlag,

Berlin, 1995.

[24] C.O. Lousto and B.F. Whiting, Reconstruction of black hole metric perturbations from the Weyl

curvature, jarXiv:gr-qc/0203061, Phys. Rev. D (3) 66 (2002), no. 2, 024026, 7.

[25] J. Metcalfe, D. Tataru, and M. Tohaneanu, Price’s law on mnonstationary space-times,

[26]

arXiv:1104.5437 [math.AP], Adv. Math. 230 (2012), no. 3, 995-1028.
, Pointwise decay for the Mazwell field on black hole space-times, larXiv:1411.3693
[math.AP] (2014).

[27] F.W.J. Olver, D.W. Lozier, R.F. Boisvert, and C.W. Clark (eds.), Digital Library of Mathematical

Functions, National Institute of Standards and Technology from http://dlmf.nist.gov/| (Version
1.0.11; Release date 2016-06-08), Washington, DC, 2016.

[28] J. Sterbenz and D. Tataru, Local energy decay for Mazwell fields Part I: Spherically symmetric

black-hole backgrounds, larXiv:1305.5261 [math.AP], Int. Math. Res. Not. IMRN (2015), no. 11,
3298-3342.

[29] D. Tataru, Local decay of waves on asymptotically flat stationary space-times, larXiv:0910.5290

[math.AP], Amer. J. Math. 135 (2013), no. 2, 361-401.

[30] D. Tataru and M. Tohaneanu, A local energy estimate on Kerr black hole backgrounds,

arXiv:0810.5766/ [math.AP], Int. Math. Res. Not. IMRN (2011), no. 2, 248-292.

[31] M.E. Taylor, Partial Differential Equations. I, Applied Mathematical Sciences, vol. 115, Springer-

Verlag, New York, 1996.

[32] S.A. Teukolsky, Perturbations of a rotating black hole I. Fundamental equations for gravitational,

electromagnetic, and neutrino-field perturbations, Astrophys. J. 185 (1973), 635—647.

[33] B.F. Whiting, Mode stability of the Kerr black hole, J. Math. Phys. 30 (1989), no. 6, 1301-1305.

FAKULTAT FUR MATHEMATIK, UNIVERSITAT REGENSBURG, D-93040 REGENSBURG, GERMANY
E-mail address: Felix.Finster@mathematik.uni-regensburg.de

MATHEMATICS DEPARTMENT, THE UNIVERSITY OF MICHIGAN, ANN ARBOR, MI 48109, USA
E-mail address: smoller@umich.edu


http://arxiv.org/abs/gr-qc/0607046
http://arxiv.org/abs/0807.4406
http://arxiv.org/abs/1207.6861
http://arxiv.org/abs/1307.6470
http://arxiv.org/abs/1507.05756
http://arxiv.org/abs/1606.04014
http://arxiv.org/abs/gr-qc/0203061
http://arxiv.org/abs/1104.5437
http://arxiv.org/abs/1411.3693
http://dlmf.nist.gov/
http://arxiv.org/abs/1305.5261
http://arxiv.org/abs/0910.5290
http://arxiv.org/abs/0810.5766

	Finster.pdf
	1. Introduction
	2. Preliminaries
	3. Hamiltonian Formulation
	4. Resolvent Estimates
	5. Contour Integrals and Completeness
	6. Separation of Variables and Jost Solutions
	7. Separation of the Resolvent
	8. Contour Deformations
	9. Estimates of the Potential
	9.1. Different Cases and Regions
	9.2. Estimates in the WKB Regions
	9.3. Estimates in the WKB Region with `39`42`"613A``45`47`"603AReV > 0
	9.4. Estimates in the Airy Regions
	9.5. Estimates in the Parabolic Cylinder Region
	9.6. Estimates of the Zeros of `39`42`"613A``45`47`"603AImV

	10. Invariant Region Estimates
	10.1. Estimates of 
	10.2. Estimates of 
	10.3. Estimates for Bounded  and Large 
	10.4. The Limit 0
	10.5. Estimates of the Large Angular Modes

	11. Ruling out Radiant Modes
	11.1. Ruling out Radiant Modes at =0
	11.2. A Causality Argument

	12. Integral Representation and Proof of Decay
	13. Concluding Remarks
	Appendix A. Some Estimates of the Angular Eigenvalues
	References


