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Abstract

The Cauchy problem is considered for the massive Dirac equation in the non-
extreme Kerr-Newman geometry, for smooth initial data with compact support outside
the event horizon and bounded angular momentum. We prove that the Dirac wave
function decays in LpS. at least at the rate t=5/%. For generic initial data, this rate
of decay is sharp. We derive a formula for the probability p that the Dirac particle
escapes to infinity. For various conditions on the initial data, we show that p = 0,1
or 0 < p < 1. The proofs are based on a refined analysis of the Dirac propagator
constructed in [3].
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1 Introduction

The Cauchy problem for the massive Dirac equation in the non-extreme Kerr-Newman
black hole geometry outside the event horizon was recently studied [3], and it was proved
that for initial data in Li%. with L? decay at infinity, the probability for the Dirac particle
to be located in any compact region of space tends to zero as t — oo. This result shows
that the Dirac particle must eventually either disappear into the event horizon or escape
to infinity. The questions of the likelihood of each of these possibilities and the rates
of decay of the Dirac wave function in a compact region of space were left open. In the
present paper, we shall study these questions by means of a detailed analysis of the integral
representation of the Dirac propagator constructed in [3]. This analysis will also give us
some insight into the physical mechanism which leads to the decay.

Recall that in Boyer-Lindquist coordinates (¢,7,9,¢) withr >0,0< 9 <7, 0<p <
27, the Kerr-Newman metric is given by [1]

ds? = Jjk da? 2"

A 2 12
= S (dt — asin?0dp)? — U(‘%ﬂw?) _sind

T (adt — (r* +a?) dp)® (1.1)
with
U(r,9) = r*+a* cos®9, A(r) = r?> —2Mr +a® +Q?,

and the electromagnetic potential is

Ajdi? = —% (dt — a sin® ¥ dy) ,

where M, aM and (Q denote the mass, the angular momentum and the charge of the black
hole, respectively. Here a and/or @ are allowed to be zero, so that our results apply also
to the Kerr, Reissner-Nordstrom, and Schwarzschild solutions. We shall restrict attention
to the non-extreme case M? > a®> + Q?, in which case the function A has two distinct
Zeros,

ro = M — /M2 — a2 — Q2 and ri = M + VM2 —a? - Q?

corresponding to the Cauchy horizon and the event horizon, respectively. We will here
consider only the region r > r1 outside of the event horizon, and thus A > 0.

Our starting point is the representation of the Dirac propagator for a Dirac particle of
mass m and charge e established in [3, Thm. 3.6]

2
1 S
V(o) = = 3 / d et S ghem ghen (g) <@k | gy (1.2)
T kneZ? — a,b=1

Here U is the initial data and <.|.> is a positive scalar product (see [3] for details).
Moreover, w is the energy and k,n are the generalized angular momentum quantum num-
bers which arise in Chandrasekhar’s [2] separation of the Dirac equation into ODEs. The
Tkwn are solutions of the Dirac equation and t’;;;’” are complex coefficients; they can all be
expressed in terms of the fundamental solutions to these ODEs. We postpone the detailed
formulas for \I/’g“’” and t’;g’” to later sections, and here merely describe those qualitative

properties of the wave functions \Il’g“m which are needed for understanding our results.



Near the event horizon, the U*“" go over asymptotically to spherical waves. In the region
|w| > m, the solutions for a = 1 are the incoming waves, i.e. asymptotically near the event
horizon they are waves moving towards the black hole. Conversely, the solutions for ¢ = 2
are the outgoing waves, which near the event horizon move outwards, away from the black
hole. Asymptotically near infinity, the U*“" |w| > m, go over to spherical waves. In the
region |w| < m, however, the fundamental solutions for a = 1,2 near the event horizon are
both linear combinations of incoming and outgoing waves, taken in such a way that ¥5~"
and \1112“"” at infinity have exponential decay and growth, respectively.

We make the reasonable technical assumption that Wy is smooth and compactly sup-
ported outside the event horizon. For simplicity, we shall furthermore assume that the
angular momentum is bounded in the strict sense that there exist constants ky and ng
such that

2
1 o0 ,
V(o) = — > Z/ dwe ™" | Ytk WEOn(z) <TFT | W>| . (1.3)
|k|<ko |n|<ng® ~° a,b=1

We expect that the rate of decay will be the same if an infinite number of angular modes
are present because the modes with large angular momentum should be quickly driven out
to infinity by centrifugal forces. We are however unable to prove such a result since we
have no control over the extent to which our estimates are uniform in & and n. Finally,
it is physically reasonable to assume that the charge of the black hole is so small that
the gravitational attraction is the dominant force at a large distance from the black hole.
More precisely, we shall assume throughout this paper that

mM > |eQ)|. (1.4)
We now state our main results and discuss them afterwards.

Theorem 1.1 (Decay Rates) Consider the Cauchy problem
(iv'D; —m) U(t,z) = 0, U(0,2) = Yp(x)

for the Dirac equation in the non-extreme Kerr-Newman black hole geometry with small
charge (1.4). Assume that the Cauchy data Vo is smooth with compact support outside
the event horizon and has bounded angular momentum (1.3).

(i) If for any k and n,

lim sup | <W5“" | Tp>| # 0 or limsup |<UA“" | To>| # 0,  (1.5)

w\ym w —m

then for large t,
5 5
Wit = et 40 ), (1.6)

with ¢ = c(z) # 0 and any e < 35.

(ii) If for all k,n and a = 1,2,
<Tkem | go> = 0

for all w in a neighborhood of +m, then |¥(t,z)| has rapid decay in t (i.e. for any
fized z, U(t,x) decays in t faster than polynomially).



Theorem 1.2 (Probability Estimates) Consider the Cauchy problem as in Theorem
1.1, with initial data ¥y normalized by <Wq | Yo> = 1. Let p be the probability for the
Dirac particle to escape to infinity, defined for any R > r1 by

p = lim (T W) (t,2) v s (17)
t=00 JiR<r<oo}

where v denotes the future directed normal to the hypersurface t = const and du denotes
the induced invariant measure on that hypersurface. Then p is given by

1 1 on on 2
p=r XX [ (e et iwe o

|k|<ko |n|<no

Accordingly, 1 — p gives the probability that the Dirac particles disappears into the event
horizon. Furthermore,

(i) Suppose that the outgoing energy distribution for |w| > m is

non-zero, i.e.
<TEm | W £ 0

for some w with |w| > m. Then p > 0.

(ii) If the energy distribution of the Cauchy data has a non-zero contribution in the in-
terval [—m,m)], then p < 1.

(iii) If the energy distribution of the Cauchy data is supported in [—m,m], then p = 0.
(iv) If (1.5) holds, then 0 < p < 1.

The decay rate of ¢~& obtained in Theorem 1.1 quantifies the effect of the black hole’s
gravitational attraction on the long-time behavior of massive Dirac particles. Before dis-
cussing this effect in detail, it is instructive to recall the derivation of the decay rates

in Minkowski space. We denote the plane-wave solutions of the Dirac equation by W

where k is momentum, ¢ = +1 is the sign of energy, and s = + refers to the two spin
orientations. The plane-wave solutions are normalized according to

(W, ,) = 6k —K') 8yy beer

k's'e!

(T

ESE

where (.|.) is the usual spatial scalar product

(T D)) = /qf(t,:f:) 0 B(t, 7) di .

The Dirac propagator is obtained by decomposing the initial data into the plane-wave
solutions,

U(t,Z) = Z/dE U () (U, (t=0)]Tp),

and a straightforward calculation using the explicit form of the plane-wave solutions yields
that

4 : -
U(t,Z) = 277/ % (# +m) 6(k* —m?) D(w) e” ™ 40 Fy (k) , (1.9)



(€] (a)

Figure 1: Typical plot for ¥ in Minkowski space (a) and in the Kerr-Newman black hole
geometry (b).

where W (k) is the Fourier transform of Wo(Z) (and as usual z = (£,%), k = (w,k),
¥ = kjy’, and T is the step function I'(z) = sgn(z)). Let us assume for simplicity that
the initial data is a Schwartz function. We write (1.9) as a Fourier integral in w,

Ut 7) = /oo B (w, ) e~ duy (1.10)

—0o0

where

. di . S

F.2) = [ gy (o m) 6w = P = m?) D) €7 B (F).
s

We consider the w-dependence of ¥ for fixed Z. The d-distribution gives a contribution to

the momentum integral only for k on the sphere |k|? = w%—mQ. Thus ¥(w, #) vanishes for

|w| < m and has rapid decay at infinity. Furthermore, W is clearly smooth in the region

|w| > m. For |w| near m, ¥ has the expansion

~ S 2 A
U(w,Z) = /0 k47:ék (wy? +m) 6(w? — k? — m?) D(w) 7% Te(0) (1 + O(k))
= Ié(:;) (w +my°) To(0) Vw? —m? + Ow? —m?) .

A typical plot of |¥(w, )| is shown in Figure 1(a). If {y vanishes in a neighborhood of
k =0, then U(.,#) is a Schwartz function, and thus its Fourier transform (1.10) has rapid
decay. This is the analogue of Case (ii) of Theorem 1.1. However, if ¥((0) # 0, the decay
rate is determined by the square root behavior of ¥ for |w| near m. A change of variables
gives that for any test function n which is supported in a neighborhood of the origin,

00 ) ) 3 00 u )
/ Vo —mnw—m)e “@dy = e ™t / \/ﬁn(?) e " du .
m 0

An integration-by-parts argument shows that the last integral is bounded uniformly in ¢,
and is non-zero for large ¢ if 7(0) # 0. From this we conclude that in Minkowski space,
|¥(t,Z)| decays polynomially at the rate t3.

We now proceed with a more detailed discussion of our results, beginning with the rates
of decay obtained in Theorem 1.1. Naively speaking, a massive Dirac particle behaves near
the event horizon similar to a massless particle, i.e. like a solution of the wave equation.



In Minkowski space, solutions of the wave equation decay rapidly in time according to the
Huygens principle. On the other hand, at large distance from the black hole the solutions
should beh;ave like those of the massive Dirac equation in Minkowski space, which decay at
the rate ¢~ 2. It is thus tempting to expect that the solutions of the massive Dirac equation
in the Kerr-Newman black hole geometry should decay at a rate which “interpolates”
between the behavior of a massive particle in Minkowski space and that of a massless
particle, and should thus decay at a rate no slower than ¢~2. However, Theorem 1.1
shows that this naive picture is incorrect, since the rate of decay we have established
for a massive Dirac particle in the Kerr-Newman black hole geometry is actually slower
than that of a massive particle in Minkowski space. Thus the gravitational field of the
black hole affects the behavior of massive Dirac particles in a more subtle way. One can
understand this fact by comparing the plots in Figure 1, which give typical examples for
the energy distribution of the Dirac wave function in Minkowski space and in the Kerr-
Newman geometry. One sees that in the Kerr-Newman geometry, there is a contribution
to the energy distribution for |w| < m, which oscillates infinitely fast as w approaches m.
When taking the Fourier transform, these oscillations lead to the decay rate e given
Theorem 1.1 (see the rigorous saddle point argument in Lemma, 3.3).

The oscillations in the energy distribution in Figure 1(b) are a consequence of the field
behavior near spatial infinity. On a qualitative level, they can already be understood in
Newtonian gravity and the semi-classical approximation. Namely, in the Newtonian limit
of General Relativity, the momentum k of a relativistic particle is related to its energy w

by
2
B = <w+mM> —m?.

r

Thus the particle has positive momentum even if w < m, provided that the Newtonian
potential is large enough, % > m — w. This means in the semi-classical approximation
that the wave function ¥(r) has an oscillatory behavior near the black hole,

"o M
U(r) ~ exp <j:z/ kdé’) for r<R=— ,

m — w

and will fall off exponentially for r > R. As a consequence, the fundamental solutions \Il’;“’”
for |w| < m involve phase factors ~ exp(=%: fR k dF). In the limit w ~ m, R — oo, leading
to infinitely fast oscillations in our integral representation. This simple argument even
gives the correct quantitative behavior of the phases ~ (m — w)fé. Since the oscillations
are a far field effect, we expect that our result for the decay rate of #~¢ should be valid
even in a more general setting, independent of the details of the local geometry near the
event horizon.

The fact that the decay rate in the presence of a black hole is slower than in Minkowski
space has the following direct physical interpretation. One can view the gravitational
attraction of the black hole and the tendency of quantum mechanical wave functions to
spread out in space as competing with each other over time. The component og the wave
function for w near m and w < m, which is responsible for the decay rate ¢ 6, has not
enough energy to propagate out to infinity. But since it is an outgoing wave near the
event horizon (note that in (1.5) the fundamental solutions ¥*“" enter only for a = 2),
it is driven outwards and resists the gravitational attraction for a long time before it will
eventually be drawn into the black hole. As a result, the Dirac particle stays in any



compact region of space longer than it would in Minkowski space, and thus the rate of
decay of the wave function is slower.

Theorem 1.2 gives a precise formula for the probability that the Dirac particle either
disappears into the black hole or escapes to infinity. In cases (i)—(iv) we give sufficient
conditions for these probabilities to occur. These results are consistent with the general
behavior of quantum mechanical particles in the presence of a potential barrier and can be
thought of as a tunnelling effect. In case (iii), the particle does not have enough energy to
escape to infinity. Thinking again in terms of a tunnelling effect, the Dirac particle cannot
tunnel to infinity because the potential barrier (which has finite height m) has infinite
width. Finally, one might ask whether p = 1 can occur; i.e., that the particles escapes to
infinity with probability one. This is indeed the case for very special initial data, whose
energy distribution is supported outside the interval [—m,m] (see Corollary 9.3 below).

We conclude by remarking that a number of significant results are known for the long-
term behavior of massless fields in black hole geometries. These results do not capture our
effect, which is intimately related to the presence of a mass gap in the energy spectrum.
Price [5] discussed the rates of decay of massless fields in the Schwarzschild background for
special choices of initial data. His decay rates depend on the angular momentum and are
faster than the ones we have derived. A rigorous proof of the boundedness of the solutions
of the wave equation in the Schwarzschild geometry has been given by Kay and Wald [4].
An important contribution to the long-time behavior of gravitational perturbations of the
Kerr metric has been given by Whiting [6].

2 The Long-Time Dynamics under a Spectral Condition

We begin the analysis with the case when the energy distribution of the Cauchy data is
zero in a neighborhood of w = +m. The following theorem is an equivalent formulation
of Theorem 1.1(ii).

Theorem 2.1 Consider the Cauchy problem
(iv"Dj —m) U(t,z) = 0 , U(0,7) = Wp(x)

for smooth initial data with compact support outside the event horizon. Assume that
angular momentum is bounded and that the energy is supported away from w = +m, i.e.

1 —m—e m—e o 2

Ty = >y (/ +/ +/ >dw D ther when <@pen | gp> (2.1)
[k|<ko |n|<no Y~ —mte  JmAe a,b=1

for suitable € > 0. Then for all x, V(t,x) has rapid decay in t.

Before giving the proof, we recall a few basic formulas from [3]. The separation ansatz
for the fundamental solutions Uk«" is

T (8,1, 0, ) = et TR

3
uE (2.2)
)



where X = (X, X_) and Y = (Y,,Y_) are the radial and angular components, respec-
tively. The radial part X (u) is a solution of the radial Dirac equation [3, eqn (3.7)]

[%er(u)(é Y )]X - W\/Ka? (—im?"—)\ A )X, (2.3)

(k+1)a+eQr
r? + a?

A is the angular eigenvalue (which depends smoothly on w), and u € (—o0, c0) is related

to the radius by

where

Qu) = w+ , A = r?—2Mr+a®+Q?,

du r? + a?

To analyze X in the asymptotic region u — —oo, one employs for X the ansatz

X(u) = ( e o [ (u) ) (2.5)

0 ()

and obtains for f the equation

%f - [i(Qo—Q(U))<(1) _01>

r? 4+ a? —imr — \) 0

Standard Gronwall estimates yield that the fundamental solutions of (2.3) have the asymp-
totic form [3, Lemma 3.1]

efiQO'u, fdl-a

Xt = (o [0 ) + Ralw). (2.7

where |Ry(u)| < ¢ exp(du) for suitable constants ¢,d > 0 and

f01=<(1)>, f02=<(1)>. (2.8)

In the asymptotic region u — oo, one transforms the spinor basis with a matrix B(u) such
that the matrix potential in (2.3) becomes equal to the diagonal matrix —iQ(u)o? (o7 are
the Pauli matrices). One must distinguish between the two cases |w| < m and |w| > m. In
the first case, Q(u) is imaginary for large u, and thus there are two fundamental solutions
X and X, with exponential decay and growth, respectively, and we normalize them such
that

lim |X(u)| = 1. (2.9)

U——00

In the case |w| > m, Q(u) is real for all u. The ansatz

— e fT(u) : ! —
X =B < ¢i® [ (u) with O'(u) = Qu) (2.10)
gives the differential equation
L~ M f with IM(u)] < < (2.11)
du” ~u?’ '



which can again be controlled by Gronwall estimates. Thus one obtains the asymptotic
formula [3, Lemma 3.5]

cosh® sinh© e P ft
Xa(u) = ( sinh® cosh © ) < er®w) f-

o0 a

) + Roo(u) (2.12)

where |Ry| < ¢/u for suitable ¢ > 0 and

2
o — ilog <w+m> ’ P — F(w)( /0?2 —m2u + M 10gu>_ (2.13)

w—m 02 —m2

The complex factors f£ , in (2.12) are the so-called transmission coefficients. Furthermore,
we introduced the functions t,(a), 0 < a < 2, in terms of the transmission coefficients
by [3, eqn (3.47)]

ti(a) = fi,e™ — o;2€ia ) ta(a) = _fngle_m + foglem' (2.14)

00 2

Finally, the coefficients (t44)q,=1,2 are given by

6a1 (51,1 if |w| S m

tap = 1 2w taty (2.15)
- ————da if |w| > m.
27 /0 |t1]2 + [t2]? o

Proof of Theorem 2.1. Since (2.1) contains only finite sums, we can fix k,n and consider
one summand. The coefficients in the differential equation (2.6) are smooth in w, and their
w-derivatives are integrable on the half-lines u € (—o0, ug] for ug sufficiently small. Apart
from the singularities at w = 4+m, the same is true for the differential equation (2.11) for
u on the half line [u;,00) and u; sufficiently large. Since furthermore the ansatz (2.5)
is smooth in w € R\ ((—m —e,—m +¢) U (m —e,m + ¢)) and (2.10) is smooth in w €
(—o0, —m—¢e|U[m+¢,00), and also the coefficients of the differential equation (2.3) depend
smoothly on w in the bounded interval u € [ug,u1], we conclude that the fundamental
solutions Wkowno(z) and the transmission coefficients f£0“"0 depend smoothly on w €
R\ ((—m—e,—m+e)U(m—e,m+e¢)). From (2.15), the coefficients ¢, are also smooth in
w. Hence the integrand in (2.1) is a smooth function in w (which vanishes for |w|—m < €),
and thus its Fourier integral (1.2) has rapid decay. ]

According to this theorem and using linearity, it remains to analyze the energy distribution
in a neighborhood of w = +m. Since all constructions and estimates are similar for positive
and negative w, we can in what follows restrict attention to a neighborhood of w = +m.

3 Decay Rates of Fourier Transforms — Basic Considerations

In 5this section, we derive estimates of some elementary Fourier integrals. Our decay rate
t~6 ultimately comes from Lemma 3.3. We always denote by ¢ a parameter in the range
0<e< 35

Lemma 3.1 Let g € L*®(R) N C'((0
suitable constant C,

)) with compact support and assume that for a

, 00
C
o

l9'(e)] < for all o> 0. (3.1)



Then there is a constant ¢ = c¢(g) such that for all t > 0,

/ e g(a) da
0

< ct—5¢ .

Proof. Assume that supp g C [—L, L]. For given ¢ > 0, we split up the integral as
0o 0 0o
/ e g(a) da = / e g(a) da + / e g(a) da .
0 0 5
The first term can be estimated by

5 .
/ e g(a) do
0

Scl(s

with ¢; = sup|g|. In the second term, we integrate by parts,
% it L [*/(d
/5 e gla)da = i/ <%e )g(a)da
= ) — 5 [ (@) da

it it

and estimate using (3.1),

R C1 C
/ e g(a) da| < " + " (log L — log d)
[
We choose § = t_%_E to conclude that
. C
/0 e g(a) da| < ¢ 67 4 %1 + n (logL—logt_g_E) ,

and this has the required decay properties in .

In the next lemma we insert into the Fourier integral a phase factor which oscillates

infinitely fast as a \, 0.

Lemma 3.2 Let g be as in Lemma 3.1. Then there is a constant ¢ = ¢(g) such that for

all t >0,
/oo <'t Z) (@) da| < ct=87¢
exp | iat — — |} g(a) da| < ¢ .
0 Vo
Proof. We set
1
Then ! 5
Pl@) = t+5a7,  ¢'@) = —Ja

(3.2)



and obtain the bound
g_l B g ¢Il

ooei¢(a) a) da| < /oo
/0 glayda) < |° 15~ gm

o I—2—¢ N —L4e | —Lde
= |8 {19175+ lgl 141191175 da

do

According to (3.3), we can estimate the factor |¢' |7%7’5 from above by tfgfg, whereas for
3
ER

the factors |¢'| in the curly brackets we use the bound |¢'| > 1 « Furthermore, we

substitute in the formula for ¢” in (3.3) and obtain

/ @ g(a) do
0

o0
< v / (01 9] 6773 + o Iglof%_%g) dov
0

with two constants ¢; and ¢y. Using that ¢ is in L™ and ¢’ satisfies the bound (3.1), one
sees that the pole in the last integrand is integrable. [ |

The following lemma deals with the Fourier integral when we replace the minus sign in
the integrand of (3.2) by a plus sign. Reversing this sign completely changes the long-time
asymptotics. We estimate the Fourier integral using a rigorous version of the “saddle point
method.”

Lemma 3.3 Let g be as in Lemma 3.1. Then there are constants ¢ = c(g) and ¢, =
2_%3_%\/7? such that for all sufficiently large t,

< ct6F, (3.4)

o0 1 . 5
exp iat+—>ga do — ¢ € g(ag) t ™o
[ exo (it + =) aten (e0)

where ag and ¢ are given by

o = 2073, gy = (% t)é . (3.5)

Proof. We introduce the function ¢ by

1
Then 1 5
Pl) =t—za i, ¢ = Tas. (3.6)
One sees that ¢(«) has a minimum at agy with ¢(ap) = ¢ and
¢"(ag) = 273 3¢5 . (3.7)
We set
§ o= t7Ete

For large t, § < ap. We split the integration range into two regions D; and Dy with

D, = (0,0(0—(5)U(0[0+(5,00), Dy = [0[0—(5,0(0-{—(5].

11



Let us first estimate the integral over Dq. An integration-by-parts argument similar to
that in the proof of Lemma 3.2 gives

9 04 0‘07”‘ ‘0‘07—5‘ +/ g _
e (0
/Dl g ‘¢'040+5 @ (an —0 b P $2

Putting in the formulas for ¢’ and ¢” given in (3.6), and using that g € L™ together
with (3.1), one sees that for suitable c,

/ e? g da
Dy

Next we show that the leading contribution to the integral over D5 is given by the saddle
point approximation. To this end, we introduce the quadratic polynomial

b5(0) = o+ 5 ¢ (e0) (@ — a0)?

Then the mean value theorem gives for sufficiently large ¢,

/D (e“’ g—€’s g(ao)) da
2

2 1
< (—+— sup [¢"'| 6 ||g||oo> 0% < (et poy 1) < crmeE,
ag 2 p,

! /!
g g9 o

< ctT8E

< sup(lg'| + I(# = ¢s)' g1) 0°

where in the last step we used that 5e < %. Finally, we compute the contribution of the
saddle point approximation.

0 .
/ ei¥s g(ap) da = el g(ag)/ s @' (@0)a” 4o,
D5 -4

Introducing the new variable s = 1 ¢ (ag) o gives

€'’ g(ag) da = €0 g(a 2 L—
[ afen d ston) | e |

L = %¢”(a0)52 = 273 342 (3.8)

with

Using (3.7), we conclude that

/D‘ €5 g(ag) da = €% glag) 175 (c1 + R(1))

with
o = 243 5/ L s =23 hyE £ 0
0 S
00 gls
R(t) = —253 2/ —ds .
Q L Vs

The error term R(t) can be mtegrated by parts,

< 1/00303 5 1
s 2ds = - —,
\/_ 2 )L 4 VL

and this shows accordlng to (3.8) that R(t) decays in t at the desired rate, |[R(t)| < ct ¢. R

12



4 The Planar Equation

Let us transform the radial Dirac equation (2.3) into an equation for a real 2-spinor as
follows. We first unitarily transform the spinor X according to

X5 X=UX with U = exp(i§(73> ., B = arctan - | (4.1)

Then X satisfies the equation

i)”(:i(_“ b))”( (4.2)

du -b a
with
am A
= 0 4.
a(u) (u) + m2r2 + A2 2(r2 + a?) (4.3)
VA
b(u) = ——— vVm?rz+ 2. (4.4)

r2 4+ a2

Notice that the transformation U is regular for all 4 € R, and that the second summand
in (4.3) has nice decay properties for v — +oo. Next we employ the ansatz

o (0o ) ey

—pt — iT(a) ™ iXtT + iD(a) X~
with a complex 2-spinor . Then ) satisfies the equation
d 0 —g
S = 4.6
= (5 ) (46)
with
f=lal+0b g = la|=b. (4.7)

The coefficients in (4.6) are all real, and so we can study the real and imaginary parts of
1 separately. Thus we assume in what follows that v is real and then call (4.6) the planar
equation.

We bring the planar equation into a form more appropriate for our estimates. For
given up we introduce the new variable

stw) = 2 [ VTl dr (4.8)

and set )
h = 2 log %‘ . (4.9)
In the case g > 0, (4.6) becomes
d 1 0 —eh
a— _ =
R (eh : )w.
Employing the ansatz
h
_L ez cos 2t?
b = e (e’% > ) (4.10)
2



with real functions L(z) and ¢(x) gives the equation
—L'ay + b+ (14+9)ay = ay (4.11)

with

cos Z+¥ — sin 210 cos £+0
ay = . 219 , as = ?9 y b = . 2 9 .
sin % cos % —sin %
Elementary trigonometry shows that
b = cos(zx+9)a, — sin(z +9) as .
Hence the planar equation takes the form
9 = b sin(z +9) L' = k' cos(z + 1) . (4.12)

In the case g < 0, the ansatz

h
L ez cosh 2
= 675 2 413
v ( e~ sinh —“";“9 ) (4.13)
gives similarly the equations
¢ = b sinh(z +9) |, L' = b cosh(z +9) . (4.14)

We can now give the strategy for the proof of Theorem 1.1(i). First, in the next section,
we will obtain estimates which will enable us to control the function A’ which appears in
the planar equations (4.12) and (4.14). Then we will carefully analyze the solutions (1, L)
of these planar equations, and this will allow us to study the time-dependence of the
propagator (1.3). For the analysis of the planar equations, it is necessary to consider both
cases w > m and w < m separately; this will be done in Sections 6 and 7, respectively.

5 Uniform Bounds for the Potentials

In this section, we shall derive estimates for the function h(z) (as introduced in (4.9) with
x according to (4.8)) as well as for its partial derivatives with respect to z and w. The
usefulness of our estimates lies in the fact that they are uniform in w for w in a small
neighborhood of m, w € (m — §, m + ¢). The main technical difficulty is that z is defined
via an integral transformation (4.8), and thus i (z) depends on w in a nonlocal way. On the
other hand, our estimates also show the advantage of working with the variable z. Namely,
by introducing z, the w-dependence of h becomes small in the critical regions near infinity
and near the poles of h, in the sense that (w — m)d,h(z) has bounded total variation in
z, uniformly in w. This will be essential for getting control of the w-dependence of the
solutions to the planar equation (see Lemmas 6.3 and 7.5). Since the technical details of
the proofs of Lemmas 5.1, 5.2, and 5.3 will not be needed later on, the reader may consider
skipping these proofs in a first reading.

In what follows, we often denote derivatives by a lower index, e.g. h, = J,,h. Further-
more, we denote constants which are independent of w by ¢; the value of ¢ may change
throughout our calculations. For clarity, we sometimes add a subscript to ¢ to mean a
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fixed constant. According to their definition (4.7) and (4.3),(4.4), the functions f and g
have for large u the expansion

_ _ mM —eQ s
f = (w+m) " +O(u2>

g = (w—m)—l—MwLO(l).

u2

Our notation O(u~") implies that the error terms depend smoothly on w, and that their
u-derivatives have the natural scaling behavior, i.e.

9,0(u™) =0w™") and 0, 0w™) = O(u™"1).

Our assumption (1.4) ensures that for large u, g is monotone decreasing, whereas f is
increasing.

We begin with the case w > m. In this parameter range, we fix ug independent of w.
By choosing ug sufficiently large, we can arrange that the following estimates hold.

Lemma 5.1 There are constants ¢, > 0 such that for all w € (m,m + 0) and x > 0,

Cc

0 < —h'(z) < T (5.1)
W@ < T (5:2)
/Ooo|h;,(x)|dx < L (5.3)

Proof. We set ¢ = w? —m? and introduce the function

p=2vfg.

Then h and p have the asymptotic expansions

1 «

hu) = 5 log (m += 4 0(%)) (5.4)

o(u) = 2\/g+§+0<%> (5.5)

with positive constants o and 3, which depend smoothly on w and are bounded away from
zero as € — 0. Our first step is to bound the function z(u), (4.8), as well as its inverse
u(z). According to (5.5), there are (possibly after increasing wug), constants ay,as > 0

such that
21/6+ﬂ§p(u)§2,/6+% (5.6)
U u

for all w € (m,m + J) and u > uy. We introduce the functions z and T by

z = 2y/u(ay +eu) — by, T = 4v/u (ag +eu) — by,

where the constants by and be are chosen such that z(ug) = 0 = Z(ug),
b1 = 2v/ug (a1 + &‘U,o) R by = 4+v/uyg (ag + &‘U,o) . (57)
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Then

2
d) = A < [UEE <y
u(ay + eu) u
) = 2(ag + 2¢eu) > 9 a + eu > plu)
u(az + cu) U

and integration yields that z and T are bounds for x,

z(u) < z(u) < T(u)

for all u > uy. (5.8)

The functions z and T are strictly monotone and thus invertible. Their inverses are

computed as follows,

1
zHz) = %<\/a%+6($+bl)2—a1>
_ 1 e (z + b1)? 1 (z + b1)?
2 Jalte(@w+b)24+a ~ 2Ve(@+th)+a
1
T z) = = <\/4a% +e(z+bo)?— 2a2>

1 £ (7 + by)? 1 (z + bo)?
de \f4a3 + e (x +b2)2 +2ap 4 Ve (z+bo) +4day ’

where in the last step we applied the inequality va +b < a + Vb (a,b > 0). The
inequalities (5.8) yield for the inverses that z=!(z) > u(z) > #~!(z). Thus the functions
u and © defined by

1 (z + by)? 1 (x4 b1)?
ul@) = 7 VE (z + by) + daz ) = 3 Ve (@ +b1) +ar (59)
are bounds for u(z),
u(z) < u(z) < u(z) for all > 0. (5.10)

Let us derive (5.1). Since f and g are monotone increasing and decreasing, respectively,
h(u) is decreasing and thus A'(z) < 0. Furthermore,

o — Lo 1 |dw)  fw
H@l = 5] = 5| S -
— Sl -l < 2 (5.11)

We employ (5.6), (5.10), and (5.9) to obtain

| (z)] < %u’% (a1 +eu) 2 < CS—IQ*% (a1 + eu) 2
1 3
_ o, (\/5(x+bg)+4a2>2< VE (z + b2) + 4ay )2
! (z + bo)? e(z + b2)? + day e(x + b)) + 16a1as
< 20 | _(Ve(z+by)+ day)?
T @by | (e(x + by)? + 16a1ay)?
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The square bracket is bounded uniformly in £ and z, proving (5.1). The second derivative
of h is computed to be

W) = 2 (G- W)

p du \ p?
N _P% (¢'(w) (¢'(u) f = f'(u) 9)) + % %(gl(u) f=1(u)g).
Thus C C
I (z)] < _2+_24’ (5.12)

utpb WS p
and (5.6) shows that

W (z)] < 8cou ! (ay+eu) P +eout(ar +eu)? < c3ut(ag +euw) 2.

We substitute in (5.9),

16c3 (VE(z + b2) + 4az)?
(z1+01)2 | (e (z + b2)2 + 16a1a2)?

B ()| <

The square bracket is again bounded uniformly in ¢ and z, and this gives (5.2). We finally
estimate h/,(z). Since the relation between w and ¢ is one-to-one and smooth, we can just
as well consider the e-derivative h.(z). Since h(z) is not given in closed form, we need to
compute h.(z) via the formula

eh.(x) = eh.(s)+eh'(s)se(z), (5.13)

where s = s(u) is a suitable variable. Clearly, h.(x) is independent of how s is chosen.
However, if we take for s too simple a function (e.g. s = wu), then it turns out that
he(s) will develop singularities in the limit ¢ — 0, which are compensated in (5.13) by
corresponding singular contributions to the second summand, making the analysis very
delicate. To bypass these difficulties, it is convenient to choose for s(u) a function with
a similar qualitative behavior as z(u); this will make it possible to estimate the two
summands in (5.13) separately. We set s = [u-inverse + by], so that u = w(s(u) — by); i.e.

h(s) = h(u=1a(s—by))

with @ according to (5.9) and s € [by,00). Then the expansion (5.4) becomes

1 2X o/ A
h(s) = 5 log <6 A1+ 2\/_ + S—;’ +VeO(s72) + (’)(3_3)>
with positive constants A\; which depend smoothly on /¢ and are uniformly bounded away
from zero. Differentiating with respect to € gives

A1 €52 4+ Ag /25 + /£ O(50)

1
che(s) = S e T Vet M 1 VO £ 06T

We want to show that this function has bounded total variation. To this end, we differ-
entiate with respect to s and obtain

cLe?s?+eres+ oy JE+er O(s) +e0(s%) +vEO(s™)

B(s) =
¢ he(s) 2 (A1 es? 420 Ves+ A3+ /e O(s%) + O(s71))?
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Hence by choosing ¢ small enough and ug (and thus by) large enough, we can arrange that

557 +£5 + /2

hl| <
8| €| =€ ()\1882—’—)\3)2

for all € and all s > b;. The L' norm of the rhs is bounded uniformly in w. Namely,
setting ¢t = v/A1e s shows that for n =0,1,2,

* () o
ds < >\ = ———dt
/bz ()\1682 + )\3) \/_ 5 0 (t2 + )\3)2

and the last integral is finite, independent of . It remains to estimate the total variation
of the second summand in (5.13). More precisely, in order to finish the proof of (5.3), we
shall show that

/00 i(h'(s) €se(z))|de < ¢ (5.14)
0 dx ‘ ' '
We first derive sufficient conditions for (5.14). The relations

0 = 0.5(x(s)) = so(x) + 5" () (5) h'(z) = h'(s)s'(z)

yield that

W (s) se(z) = —h'(z) zc(s) .
Differentiating with respect to z, one sees that it suffices to bound the L' norms of the
expressions
A
x

a'(s)
uniformly in €. Substituting in the bounds (5.1) and (5.2), we conclude that the following
inequalities imply that (5.14) holds,

and h"(z) e z(s)

1
- <4'(s) < ¢ (5.15)
c
/ € |x5(8)| dz S c (516)
0 1 +x
o0
/ c |x5(3)2| dr < ¢ (5.17)
o (1+=)
We begin the proof of (5.15)—(5.17) by computing z’(s),
d u(s—b1)
-/ — pla(s — b)) W(s —br) (5.18)
A short calculation using (5. 9) and (5.5) gives
2
d(s—by) = SWest2a)
2(\/58 + a1)2

p*(a(s — by))

i? (4es? + 8Bv/es + 8Bay) + Ve O(s72) + O(s73)

(st = WE Has (VB 4o bap + €2 O(?) +20fs) +VEOR) + O™

(VEs) + b3 (Ves)? + -+ by
(5.19)
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with coefficients a;,b; > 0 and ag,bp > 0. Possibly after increasing ug and decreasing
d, we can neglect the error terms. The fraction in (5.19) is clearly uniformly bounded
from above and below. This proves (5.15). Integrating (5.15), we obtain that the ratio
(1 + z)/s is uniformly bounded from above and below, and thus in (5.16) and (5.17) we
may replace the factors (1+x) by s. Using (5.15) we may furthermore replace the integral
over z € (0,00) by the integral over s € (b;,00). Next we differentiate (5.19) with respect
to €. A short computation shows that

7
a es)  +---+a €S _
exl(s)'(s) = 7 ({ ) - 1(ves) (1+0(s7h),
(Ves)® +br (Ves)" + -+ bo
where the coefficients b; are non-negative and by > 0 (but the a; might be zero or negative).
Using the bounds (5.15), one sees that ez’ (s) can be estimated by

: ves ((Ves)® +1)
elzi(s)] < ¢ Ver+l

(5.20)

A scaling argument shows that

© g lzL(s)] /°°(\/§s)6+1 /°°t6+1
—&c 2 ds < ¢ L~ \Jeds < ¢ < 00, 5.21
[ = y WP : 21

proving (5.16). To derive (5.17), we use that

1

S
 lz(s)| < / 2 (t)] dt + ¢ (b))
by

/boo v (/b eloc(®)ldt + € |xa(bl)|) ds
- _/:d% G) (/be [zl (t)] dt + € |x5(b1)|> ds

According to (5.20), the inner integral diverges at most logarithmically as s — oo. There-
fore, integrating by parts gives no boundary terms at infinity,

o0 o0 !
[Tel gy o [Ty, el
b b

2 —
. s s by

and obtain

o0
/ € |x52(8)| dS
by S

IN

1

The integral on the right was estimated in (5.21). The last summand is computed to be

el _ ()] 90
b1 b1 Oe ’

and this is bounded uniformly in € in view of (5.18) and the fact that by is smooth in /e
and bounded away from zero, (5.7). This completes the proof of Lemma 5.1. |

The above estimates are illustrated in Figure 2, where h’ and h/, are plotted in a typical
example. The dashed curve describes the asymptotics near x = 0; it is the graph of h'(x),
where for z(u) one uses the approximate formula z ~ 4/3(y/u—/ug), obtained by setting
e in (5.5) equal to zero, dropping the error term and integrating, (4.8).
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Figure 2: Typical plots for A/(z) and h/,(z) in the case w > m.

In the case w < m, we fix Uiy independent of w € (m — §, m). By choosing umin large
and § sufficiently small, we can arrange that the function g has exactly one zero on the
half line (umin, 00). We set ug equal to this zero,

g(ug) = 0.

Clearly, ug depends on w. The variable x(u), (4.8), is positive for u > uy and negative on
the interval (tmin,ug). We set Tmin = (umin). The following lemma is the analogue of
Lemma 5.1 for w < m. The method of proof is also similar, but the pole of h at z = 0
makes the situation a bit more complicated.

Lemma 5.2 There are constants ¢,d > 0 such that for all w € (m — §,m) and x > T pin,

Cc C

0< @)@ < — 4 & 5.22
ST@HE) < g (522)
B < ¢ . 5.23
W@l < e e (523)
/'|h;(a:)|dx < miw. (5.24)

Furthermore, for every x; > 0 the constants ¢, > 0 can be chosen such that for all
w€ (m—40,m) and x € [—xz1, 1],

1
h(z) — 3 log|e?z|| < c. (5.25)

Proof. We now set ¢ = m? — w? and p = 21/|fg|. Then
p

pP(u) = 4le — m +0(u?)
with 8 > 0. Since p(ug) =0,
uy = g (L+0(e)), (5.26)
and furthermore, the functions h and p have the expansions
1 € |u — o] 1
= 2] 1 2
h(u) 5 og ((w ) " ( + O(u )) (5.27)
p(u) = 2 \/6 |u—u7u0| (1+ O(u~h)). (5.28)
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Since global bounds for z(u) and u(z) would be more difficult to obtain than those in
Lemma 5.1, we here construct the bounds piecewise. We set Au = uy/2. By decreasing
d, we can arrange that ug/4 > umin, and furthermore we can also make the error terms
in (5.27) and (5.28) as small as we like. Thus we may assume that

3 /
5 ui V0u—ug] < plu) <3 ui V|u — ug) for |u — up| < Au. (5.29)
0 0

Integrating from ug to u gives

1/ |u —u0|2 < z(u 1/ |u —u0|2 for |u — ug| < Au. (5.30)

Taking the inverses, we obtain for |u — ug| the bounds
v(z) < |u(z) —u| < B(x) for |z| < Az, (5.31)

where we set

o) = (ﬂj")%, o(x) (“") (532
5

As = \/UEO(AU)S =23 Eu = 23 fe 2 (1+0().  (533)

If £ > Az, the second inequality in (5.30) shows that v — uy > 2,2%, and thus in this
region there are constants a1, ae > 0 such that

a1 ve < p(u) < azve. (5.34)

Hence for =z > Az,
1 < du < 1
as\e ~ dr T ap\e

Integration shows that, possibly after decreasing a; and increasing ao,

u(z) < u(z) < u(x) for r > Az (5.35)

with

u(z) = P u(z) = o (5.36)

If on the other hand 2 < —Axz, we see from (5.30) that u — ug < —27§u0, and thus p can

be estimated by
b1

5 uwr < plu) < % -3 (5.37)
with by, by > 0. We integrate from umin to u,
b1 Vi — b1 Vimin < () = Zmin < b2 Vi — b2 /Umin
and solve for u. This gives
u(z) < u(z) < u(zr) for zmin <2 < —Az (5.38)
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with
T — Tmi 2 T — o 2
Q(w) = (Tmln + \/'U/rnin> ) ﬂ(x) = <b7mln + \/umin> . (539)
2 1

For any 27y > 0, we can, by choosing 0 small enough, arrange that Az, (5.33), is
greater than z;. Thus u(x) is on the interval [—x,z;] bounded by (5.31). Substituting
these bounds into (5.27) and using (5.26) gives (5.25).

To show that I'(z)h'(x) > 0, note that

du
h' = h(u) —
(@) = W) 22
where 2 = p~1 is positive, and the sign of h/(u) is obtained from (5.27).

For the derivation of the inequalities (5.22)-(5.24), we consider the three regions = <
—Az, |z] < Az, and z > Ax separately. We begin with the case |z| < Az. For h'(z) and
h"(z), we have again the bounds (5.11) and (5.12), respectively. Using that u > ug/2 as
well as (5.29), (5.31), and (5.32), we obtain

W (z)] < —= < ——3 ju—up| 3 < —5
u‘p fug €2 Uy € T
C C C C
P@)] < F5+57 < 5 ;
we wp up € @ ud 5 13

and in view of (5.26) and (5.33), this implies (5.22) and (5.23). To compute h.(z), we
again use (5.13), but now with

s(u) = \/i|u—u0|%f‘(u—u0) for |u —ug| < Au,
uQ

where as before I' is the step function I'(7) = sgn(7). The first summand in (5.13) is
computed as follows,

1

u(s) = wptud £73 58 I'(s) for |s| < Az (5.40)
2 L (54 (pes”)E T(s)) (14 O(0)) (5.41)
G20 1 0 'B% es S% € 3 O(ss —log(w +m
h(s) ‘= 5 log <B+ (5532) o) (1 +e0(s%) +e3 O( ))) log(w + m)
2 1 (Bes?)iD(s) :
eh <§_€g+ 5552)3r())(1+60(3)+630( ) .

Differentiating with respect to s gives the bound

=

/ 1 2
elh.(s)] < ce3s 3 +ces ss3,
and thus

ar 1 2 2 4
e|h.(s)|ds < ce3 (Ax)s +ce3 (Ax)s .
—Azx
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Using (5.33), we conclude that the total variation of eh.(s) is bounded uniformly in e. In
order to estimate the total variation of the second summand in (5.13), we first compute

z'(s),
, , 16 w 4 2
2(5)2 = (p(s) u'(s))? = 572) <1+6O(30)+63 0(33)) .

This is uniformly bounded from above and below, proving (5.15). Differentiating with
respect to e using (5.41) gives the estimate

e|zl(s)] < ced 53, (5.42)

Since z(s = 0) = 0 for all ¢ (from (5.40)), integration yields that

+Azx
/ e |2 (s)]| ds
0

Ax /
/ Mds < ces (Aw)g < ec. (5.44)
—Az S

Az Az s
€ |z (s)] / 1 (/ ' )
————ds < e lz.(t)| dt | ds. 5.45
/—A;p 52 ~ Joazs? \Uo 7= (0) (5.45)

Using (5.42), the inner integral is for small s bounded by a constant times #3. Thus when
integrating by parts, we get no boundary terms at s = 0 and obtain

Ax 1 Ax Ax (¢
/ elze() 4o < _/ g|x;(t)|dt+/ LAV (5.46)

2 —
—Ax s Az —Ax —Ax s

(5.33)

.3
e |z (£AT)| < < cer(Az)i < cer (5.43)

Furthermore,

where in the last step we used (5.42) and (5.44). Combining (5.44) and (5.46) with the
estimates (5.22) and (5.23), we conclude that the total variation of the second summand
in (5.13) is bounded uniformly in e. This shows that (5.24) holds if the integration domain
is restricted to = € (—Az, Az).

In the case z > Az, (5.34), (5.35), and (5.36) yield, again using (5.11) and (5.12),

1 (5.33)

3
K@) < 55 < 5r < < < 2
u?p NG z e Az T

C C C C C

" < < < —
W7 (z)| < u4p6+u3p4_x46+x3\/§_x2’

proving (5.22) and (5.23). To compute the total variation of h.(z), we apply (5.13) with

JE

s(u) = u for u > ug + Au.

3V2

Using that
s(ug + Au) = s<%> O3 Ax ,

we see that
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Moreover, from (5.27) and (5.28),

h(s) = %m<wfm2%%?£62“+“M%+ﬁO“”O

m&):%@+ ez lwuwm&+ﬁ0@m

6v2s—2Be2
W)l <
[Cemores < o <
O = (e ) = 72 (1= ) (100t £ VEORTY)

Since s > Az, we conclude from (5.33) that (5.15) holds. Differentiating the last relation
with respect to ¢ and integrating gives

' C
<
e lz(s)] < P
e |zi(s)] c
—Ze s < < 5.47
/Am $ > VEAr —° (547)

9 |,’135(8)| /oo 1 /s ,
< -
/I . ds 2 :1:6 |z (t)| dt + € z-(Az) | ds
6|1‘5(Al‘)| / 8|l‘5(8)| /

- Ax Az s

where in the last step we used (5.43) and (5.47). This proves (5.24) if z > Ax.
Finally, if z < —Axz, the bounds (5.38) and (5.39) give

(5.11) c 8c

s < ¢

= )

c
B < < 2yt o=
el s eg SRt T L
< ¢ < ¢
o T — Tin + b2 V/Umin ~ L — Tmin + 1
(5.12) c c c c
B < < 2 < )
R ) < utpb + wpt T u T (T — Tmin+1)2

This concludes the proof of (5.22) and (5.23). In order to prove (5.24), we apply (5.13)
with

1
s(u) = 5\/ﬁu—2Ax for umin < u < ug — Au.
Similar as in the case z > Az,
u(s) = % (s + 2Ax)? for smin = % VB Umin —2Az < s < —Axz  (5.48)
1 1 B2 (1+0(e L
h(s) = 5 log <(w+m)2 (4(3+2Az)2 —¢c) (14 O((s +2Az) ?))
€ 4(s + 2Az)% + B2 O(e) e O((s +2A1)2)

che(®) = =3 T AT 00— (s 5 200)? T2 O0() +

N 4(s +2Az)% + € O(s?)
2 (2 —4de(s+ 2Ax)?
elhl(s)] < ce(s+2Ax).

1+ O((s + 2A2)2)

+ e O(s") +¢ O((s + 2A0) )

24



Xmin -AX (W‘

Figure 3: Typical plots for A/(z) and h/,(z) in the case w < m.

Integration yields that

—Az (5.48) 1 (5.33),(5.26)
/ elhl(s)|ds < ce (AmZ—Zﬁumin> < ee(up — Au—umin) < c.

Smin

Moreover,
4 _
2'(s)? = (p(s) u'(s))? = 64 <1 — 3 e(s+ 2Am)2> (L4+e0(s°) + O((s +2A3)2)) .
Using that (s + 2Az)? < (Az)?, we conclude that 2'(s) is uniformly bounded from above

and below. We differentiate with respect to £ and integrate to finally obtain similar
to (5.15)—(5.17),

elzl] < ce(s+2Ax)? (5.49)
—Azx !
€ |zz(s)|
ETVN g < AU — ) < .
/smin St oML ds < ce(up— Au—upipy) < ¢ (5.50)
<

—Azx 1 s
[ ema ([ elatwlars e o-ao) ) as

—Az —Az !
ol AT
latlars [ 2 as <

[,
s (84 2Ax)?
< € |ze(—Az)| 1 /
- Ax Smin + 24z J

min Smin
where in the last line we integrated by parts and used (5.43) and (5.49),(5.50). This
yields (5.24) and completes the proof of Lemma 5.2. |

The above estimates are illustrated in Figure 3. The dashed curve is the graph of (3z)~!;
it is the x-derivative of the asymptotic function élog(eZm) which appears in (5.25).
The next lemma controls the behavior of zyin.

Lemma 5.3 There are constants ¢, > 0 such that for all w € (m — §,m),

N

IA
o

[min + 48 (m? — w?)~ (5.51)

‘aw (xmm + 43 (m? — wZ)*%) ‘ €. (5.52)

IN
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Proof. According to the definition of z and (5.28),

uo

P _2/ w)du = —2 \/ Ju = uol (1+0(u1)) du, (5.53)
umm Umin

and a calculation using (5.26) shows that the leading contribution in /¢ to this integral

is 4667% (this can be readily verified using Mathematica). This proves (5.51). Differenti-

ating (5.53) with respect to w and estimating the resulting integral gives (5.52). [ |

6 The Region w >m

We turn now to the planar equation (4.12). Consider the two solutions (9, L"), b = 1,2,
with
lim (9, LMy = (0,0) , lim (9®,L®?) = (x,0) (6.1)

T—r—00 T—r—00

and define in analogy to the transmission coefficients, the quantities (ﬂgé),Lgé)) by

® L) = lim (0®(z), LO(2)) . (6.2)

o0
T—00

(9

The next lemma expresses the coefficients ¢4, in the integral representation (1.2) in terms
of these “transmission coefficients.”

Lemma 6.1 The coefficients tqp, (2.15), are for w > m given by

1
tll = t22 = 5 (63)
— 1
tlg = t21 = 5 iBo tanh z (6 4)
where
A
Bo = arctan — (6.5)
mnry
LY -8 9 9@ 4r
= — _— . 6.6
z 1 + 1 1 (6.6)
Proof.  According to (4.10), (4.5), and (4.1), the functions (¢, L) correspond to the
2-spinor
_iB M o _h . 1""19
X — o %[ €7 Ow 62 cos 5 ] z.e 2hs1 . . (6.7)
0 ez —e% cos ZXL — ez sm“ﬁJr

In the limit w — —oo, the function h — 0 (cf. (4.9) and observe that lim,\,, f(r) = w =
lim,\,, g(r) according to (4.7) and (4.3),(4.4)), and x coincides asymptotically with Qqu,
up to an (irrelevant) additive constant. Thus comparing (6.7) with (2.7) and using (6.1)

gives
_iBo . _iBo
1 € 2 2 —ie” 2
wo(3) . e ()
—e 2 —1€e 2
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Hence the fundamental solutions Xy and X, which are characterized by (2.8), are the
linear combinations

iBo 1 iBo

X, = Ze2 (XU 4+ix®) | Xo=ge % (—xW +4ix®@)

DN | =

We next consider (6.7) in the limit v — +oo. According to (4.9), (4.7), (4.3)-(4.4),
and (2.13),

w—m

= —-20.

1
lim h(z) = 3 log

T—00 w+m

Also, 8 goes to zero in this limit. Hence using (2.12) and (6.2), one sees that

LY+l L) +ivl)
+exp S e— + 17 exp S E—
Lifa

f = — e 2
DR LY -l LY —in%)
+exp — +iexp| — —

Substituting this last formula into (2.14) yields

i @) (1) @ 2)
tip(a) = qu% [ie_L%o sin (a—i— ﬁ%) Le % sin (oz + ﬂ%)] )

A short calculation shows that
61> = [t2]”. (6.8)

Together with (2.15), this immediately yields (6.3). Furthermore, it is obvious from (2.15)
that 12 = t2;. Thus it remains to compute ¢;2. According to (2.15) and (6.8), we have

A 1/27r bty 1 /2“151
27 oy 2162 T 4r o b

e /27r ip1 sin(a + 1) + p2 sin(a + ¢2)
A Jo ip1 sin(a+ @1) — po sin(a + ¢2)

da ,

where we set p; = LEQ /2 and @; = 195)2 /2. Tt is convenient to shift the integration variable
by @ — a — g9 and to divide the numerator and denominator by p2. This gives

t12 = do

e~ /27r ip sin(a + ¢) + sina
0

4 ip sin(a + @) —sina

with p = p1/p2 and ¢ = 1 — 2. We express the trigonometric functions as exponentials
and set p = pe™"¥,

—iﬁo 2 (— _ 4 2l _ __a
t12 ¢ / (r=i)e (pp =) do .
0

4 (B +17) €2 — (pu +14)

Setting z = €%, the a-integral can be regarded as an integral along the unit circle in the
complex plane; more precisely,

eflﬁo

_ (i) 2= (n—i) dz

he = 755 fizl (B +i)z— (u+1) (6.9)
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This contour integral can be computed with residues as follows. According to (6.1),
lim, .~ 19&) — 198)) = —m. A comparison argument using the differential equation for
9, (4.12), shows that 9() — 9(2) takes values in the interval (—2m,0) for all z. Hence
—m < p < 0, or equivalently,

Imp> 0.

As a consequence, the integrand in (6.9) has only one pole in the unit circle, at z = 0. We
conclude that

tiy = 1e‘wo Pt le—iﬁo Vi = Nip
: pio 2 Vili+\ilw
and this coincides with (6.4). .

The following two lemmas control the behavior of (+J, L) for large x.
Lemma 6.2 There is ¢ > 0 such that for all w € (m,m + 0) and x € (0, 0],
@) =00 < ¢, L@ —LO)] < c. (6.10)

Proof. According to (5.1), there is zyp > 0 such that

1+ A sin(z+9) > for all z > xo. (6.11)

1
2

On the interval [0, z¢], we can control ¥ by integrating the J-equation in (4.12),

oo (5.1)
19(z0) — 9(0)] = / W sin(z +9) dz| ) cap . (6.12)
0
In the region x > z(, we again integrate the equation,
x x hl d
— e ! 1 —_ -
() — 9 (0) / W sin(z + 9) dz / e s+ ) dr

We integrate by parts and, using (6.11) and Lemma 5.1, we find

19(z) — 9(z0)| < 2(|h’($)|+|h'($0)|)+4/x (IR +h2)dr < c. (6.13)

Zo

The second statement in (6.10) follows similarly by integrating the L-equation in (4.12). B

Lemma 6.3 There is ¢ > 0 such that for all w € (m,m + 0) and x € (0, 0],

C C

[u(z) = 9u,(0)] < ; | Lo (z) — Lo (0)] < (6.14)
w—m w—m
Proof. Differentiating through the ODEs in (4.12) with respect to w gives
9, = h' cos(z+9) I, + h., sin(z+9)
= L9, + h., sin(z +9) (6.15)
L, = —h' sin(x+9)9, + h, cos(z+ 7). (6.16)
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The differential equation (6.15) can be solved using the method of variation of constants.
The solution is

9o(@) — 9, (0) = €@ / =L 1 (1) sin(r + 0) dr (6.17)
0
Lemma 6.2 yields that
@) 0.0 < [ IH(lar.
0

and the estimate (5.3) in Lemma 5.1 gives the first part of (6.14). To derive the second
part, we integrate (6.16) and apply again the integration-by-parts technique of Lemma 6.2,

|Lw($) - Lw(0)| <

/:v W o, 4 cos(t + 1) | dr + /x h!, cos(t + ) dr
o 1+ A sin(r+9) \dr v

0
< 2 D)+ 200 + 2 [ (002 L) + [T (618)
0 0

Using the estimates of Lemma 5.1 and Lemma 6.2, the only problematic term is the
integral of |[h’ ¥/,|. But from (6.15) and (4.12) we have

W9 = |n? sin(z +9) 9, + b B, sin(z +9)|
1 c
< WP+ | Y| <
= | |+| UJ|— _m(1+x)2’
where in the last step we used (5.1) and the first part of (6.14). ]

We remark that by combining (6.16) and (4.12), we can write the L,-equation as
L, = =99, +h, cos(z +9) .

Although this looks very similar to (6.15), it seems difficult to deduce the second part
of (6.14) by integration (note that the total variation of ¥ need not be bounded uniformly
in w). This is the reason why we instead used an integration-by-parts argument.

We are now in the position to prove that in the integral representation (1.3), the
contributions for w > m decay in t at least at the rate ¢~ 6. Consider the two fundamental
solutions (9, L(®)), (6.1). For negative z, the function h'(x) is smooth in w. Furthermore,
h'(x) is computed to be

A du
r2+a2? de’

dr du (2.4)

W(z) = W(r) —= = =" h(r)

1
du dx (6.19)

Using that A decays exponentially as u — —oo, and that for large negative z, u'(x) is
bounded away from zero, we see that h'(z) decays rapidly as  — —oo, locally uniformly
in w. Thus standard Gronwall estimates applied to the differential equations (4.12) yield
that (9((0), L") (0)) depends smoothly on w. Hence Lemma 6.2 and Lemma, 6.3 give us
information on the transmission coefficients, namely

POLILY < ¢ and  Jod@] oLl < (6:20)

Next we consider the propagator (1.3) for z in a compact set K and ¥, with compact
support. Again, standard Gronwall estimates starting from the event horizon yield that
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the fundamental solutions W¥“"(z) depend smoothly on w, uniformly for z € K. Hence
the only non-smooth terms are the coefficients t’g‘g’". According to Lemma 3.2, these
coefficients have the same regularity as the transmission coefficients, (6.20). Furthermore,
Theorem 2.1 allows us to restrict attention to a neighborhood of w = m, and thus we
may assume that the square bracket in (1.3) has compact support. We conclude that this
square bracket satisfies the assumption of Lemma 3.1 (with @« = w —m), and thus its

Fourier transform decays like tee,

7 The Region w <m

For w < m, the coefficients ¢, in the integral representation (1.3) have the simple explicit
form (2.15), and thus our task is to analyze the w-dependence of U¥“"(z). We again work
in the variables (¢, L) and set

d(z) = v+ 9(x) .
Recall that \I/]f""” is the fundamental solution with exponential decay at infinity. The
following lemma shows that this implies that lim,_, . ¢(z) = —o0.
Lemma 7.1 There is a constant C independent of w such that for all x > 0,

p(r) < C—logx . (7.1)
Proof.  Using the bounds (5.22) and that h’ is positive, we have

S W 7.2

#21-Ce (7.2

with ¢ independent of w. Suppose that (7.1) were false for some z = 2y and C = loge.
Then (7.2) implies that

¢'(x) >

Hence at z, ¢ is monotone increasing, whereas the right side of (7.1) is monotone de-
creasing. As a consequence (7.1) is violated on an open interval (z,z + €). Furthermore,
by continuity (7.1) is violated on a closed set. We conclude that (7.1) is violated for all
x € [zg,00). This means that (7.3) holds for all = > ¢, and integration yields that

(7.3)

mll)r{)logb(x) = 00. (7.4)
To finish the proof, we shall show that (7.4) implies that the corresponding two-spinor ),
(4.13), grows exponentially at infinity, giving the desired contradiction (note that since
Then decays at infinity, X, X, and 1 also vanish at infinity, see (2.2), (4.1) and (7.17)).
According to (7.4), 1 behaves for large x asymptotically as

p o= e < ei ) (1+0(e)).
e 2
Furthermore, using (4.12),
(p—L) = 14K (sinhep—coshep) = 1~ e ® X 14 0.
Hence for large x, ¢ — L ~ x, and so 1 grows asymptotically like 1 ~ e”. [ |
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The inequality (7.1) shows in particular that
1
d(z) < ~3 for all z > z; (7.5)

with 71 = exp(C + %). We next show that ¢ leaves the region {¢ < —1} for positive z.

Lemma 7.2 There is xg > v > 0 with v independent of w such that

1

P(zo) > 3 (7.6)

Proof. We introduce for z > 0 the function

1 o0
d(z) = logz/ h'(t)e 7 dr.

Since by (5.22) the integrand is positive, ¥ is monotone decreasing. According to (5.22)
and (5.25),
lim J(z) = —o0, lim ¥(z) = o0,

T—00 x—0"

and so there is a unique zy with

Now, choosing 0 < y < z, we have
/ W(r)e ™ dr > e (h(z) — h(y)) .
y
Using (5.25), we see that for small y,
o
/ W (r)e Tdr > 4,
y

implying that x( is bounded away from zero, uniformly in w.
We shall now prove that 9(x) is a lower bound for ¥, i.e.

d(z) > J(z) for all z > xo. (7.7)

Thus in the region z > x1, we apply (7.5) to get the estimate

19, = h, Slnh¢ < —l hl 6_¢ et —1 h, e_(m—i—ﬂ) .
4 4
We separate variables,
1
("Y(5) < —g Hw)e™,

@) > i/ h'(r)e T dr.

Thus ¢ is indeed a lower bound in the region z > z;.
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It remains to show that 9 > 9 on the interval [z, z1]. Let us assume the contrary.
Then ¢ and ¥ meet somewhere on this interval. Let

y = sup {z|d(x) = O(x)} .

[z0,1]
Then 9(y) = 9(y) < —3, and thus
' L) (@19 L) (ct0) /
I(y) < —yhe = e ™Y =100
This contradicts the fact that J(z) > J(x) for all z > y. |

The next lemma, controls the behavior of ¢ near the origin and “matches” the solution
across the singularity at x = 0.

Lemma 7.3 Suppose that for given k1 < 0 and ko > 0,

_% < ¢(x) <0 for all x € (m,kag). (7-8)

Then there is k1 with k1 <0, k1 < K1 and a parameter A > 0 such that

XM pr(z) < z) < —Aeh® for ky <z <0 (7.9)
APD < G@) < AP 4@ for0<s < |
with z
r(z) = €M@ / ) g . (7.10)
0

Note that the function r(x), (7.10) is finite according to (5.25).

Proof of Lemma 7.3. Let us first assume that k1 < 0. We set &1 = k1. We choose 7
with 0 < 7 < min(—k1,k2). For negative x, ¢ satisfies according to (4.12), the equation
¢’ =1+ h'sin¢. Using the bounds (7.8) as well as the fact that h’ is negative, we obtain
that

W(p+d") < ¢ < 1+1 ¢ (7.11)

for all z € (k1,0). We choose z in the interval (k1, —n) and consider the inequality (7.11)
on the interval (z, —n). The inequality on the lhs can be solved by separation of variables
and the rhs by variation of constants. This gives the explicit bounds

eh(@)—h(=n) d(—n) _,_eh(:v) / e qr < d(z) < . @ for —k <z < —n (7.12)
- -«
with (=)
a = eM@)—h(=n) _evmn) ] 713
L+ ¢(—n) (713)

If 2 is positive, then according to (4.14), ¢ satisfies the equation ¢’ = 1 + h’ sinh ¢.
Using (7.8) and that A’ is now positive, we get the bounds

—1-h¢ < —¢ < —h' (¢ —¢?) on (0, z). (7.14)
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We choose z in the interval (7, x) and integrate these bounds from 7 to x. This gives the
bounds

b < Plz) < @M gpy 4 ) / e M) dr forn<z <k (7.15)
1+ n
with ()
- n
B = eh@-h(m) 01
1 —¢(n)
We now show that
lim ¢(—m) = 0 = lim . 7.16
i g(-n) = 0 = lim o) (7.16)
Consider ¢(—n). From (7.12) and (7.8) we have for fixed z in the interval —k < z < —n,
1 «@
—- < = .
5 S d@) < T/ <0, (7.17)

and thus there is some ay < 0 for which o > « if 7 is sufficiently small. According
to (5.25), the factor e”®)—"(=M in (7.13) tends to +oo as n \, 0. We conclude from (7.13)

that
Rl /) B
n\0 1+ ¢(—n)
implying the lhs of (7.16). A similar argument using the rhs of (7.15) gives the rhs of (7.16).
Since the planar equation (4.6) has smooth coefficients, it is obvious that v (u) is
smooth and non-zero. Using the ansatz’ (4.10) and (4.13) as well as (7.16), we see that
the following limits exist,

?

1 . — _L(n);h(n) 1
) ¢(;77) = Plo=o = L. o h(m) ¢(277)

. _L=m=h(=n)
lime 2

n\0

We consider the two cases lim,\ o(L(n) — h(n)) = 0 and # 0 separately. In the first
case, the second components must have a non-zero limit (because 1(0) # 0), and thus
lim, 0 e "M p(£n) = —oco. In the second case, the limits lim,~ o e " $(£n) must
exist and be equal. We conclude that
lim e "M ¢(—n) = =X = lim e "™ ¢(n) (7.18)
n—0 n—0
for some A € [0,00]. In the case x; = 0, this matching of the two ansatz’ shows that
¢ < 0 for negative z, and thus we can make kq slightly negative and repeat the above

construction. Again using (7.17), one deduces that A must in fact be finite. We finally
take the limit n — 0 in (7.12) and (7.15) to obtain (7.9). |

Our next goal is to bound ¥ (zmin) uniformly in w. To this end, we combine the a-priori
estimates for large z (Lemmas 7.1 and Lemma 7.2) with the estimates in a neighborhood
of x = 0 (Lemma 7.3). For negative z outside of this neighborhood we can use similar
methods as in Lemma 6.3.

Lemma 7.4 There is ¢ > 0 such that for all w € (m — 6, m),

|Hxmin)| < c.
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Proof. First let us verify that the assumptions of Lemma 7.3 are satisfied for a particular
choice of k1 and k9. To this end, observe that ¢(x) has no zero for > 0, because otherwise

¢ (r) = 1+ K (x) sinh¢p = 1,

violating the fact that ¢'(z) < 0 at the largest zero (recall that Lemma 7.1 implies that ¢
is negative for large x). Thus

p(r) < 0 for all z > 0. (7.19)
As a consequence, sinh ¢ < ¢, and thus using (5.22),
d(r) < 1+h(z)¢ for all z > 0.

Integrating this inequality from a given positive z < xy to zy and using (7.6), we obtain
the lower bound

To
d(z) > Pp(z) = —% eh(@)—h(zo) _ eh(’”)/ e M) qr for 0 <z < xp (7.20)

(this is indeed quite similar to the second part of (7.15), but now we have solved for ¢
at the lower limit of the integration range). According to (5.25), lim,_,o ¢(z) = 0. We
conclude that the assumptions (7.8) are satisfied for k1 = 0 and ko > 0 sufficiently small.
We can further decrease x; and increase k2, provided that the bounds in (7.9) all take
values in the strip (—1,0).

The parameter A in (7.9) can be bounded a-priori. Namely, were X sufficiently large, we
would get a contradiction to (7.20), whereas a very small value of X\ would be inconsistent
with (7.5). Thus we can find parameters 0 < Apin < Amax such that

>\min <A< >\max .

As a consequence, in (7.9) the lower bound for A = Apax and the upper bound for A = A\,
are a-priori bounds for ¢. We choose 2 such that these bounds take values in the strip
(—3,0) on the interval [z2,0). Then we have a-priori bounds for ¢(z2), and thus also for
V(z2) = p(x2) — 2,

Umin < ¥(22) < Umax - (7.21)

The bounds (7.21) are uniform in w. This is not surprising since the differential
equation for ¥ involves only h', which according to Lemma 5.2 is bounded uniformly in
w. To see this rigorously, one must be careful because Apin and Apax do depend on w.
Namely, according to (5.25), h involves the additive constant %log 2, which diverges as
w /m. this implies, according to (7.18), that

2 2
£3 Umin ) €3 Ymax

can be chosen uniformly in . Using these scalings in (7.9), one sees that the estimates for
¥ and zo are indeed uniform.

It remains to control ¥ on the interval [Zmin, z2]. According to (5.22), there is R > 0
independent of w such that

1+ h'(z) sin(z +9) > for z € [Tmin + R, z2 — R]

DN | =
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(note that this last interval is non-empty in view of Lemma 5.3). On the bounded intervals
[Zmin, Tmin + R) and (z9 — R, x3] we can control ¢ directly by integrating the equations in
a method similar to (6.12). In the intermediate region, we integrate by parts and obtain
similar to (6.13),

ro—R

|9(Tmin + R) — 9(z2 — R)| < 2(|W (2min + R)| + |h'(z2 — R)|) + 4/ (|n"| + 1) dr ,
TmintR

and the terms on the right are all uniformly bounded according to Lemma 5.2. n

The next lemma, controls the w-dependence of .

Lemma 7.5 There is ¢ > 0 such that for all w € (m — d,m),

C

19(41 min S .
[Dumin)] € ——

Proof. In the proof of Lemma 7.4, we have verified that the hypothesis of Lemma 7.3
are satisfied, and thus 9¥(0) = 0 for all w. Hence 9, (zmin) is obtained by integrating the
differential equation (6.15) from =i, to zero. This gives in analogy to (6.17),

0
P (Tmin) = eL(Imin)/ e L) h! (1) sing(7) d7 .

min

By definition of W¥“" lim, , o L(u) = 1 (see [3, eqn (3.31)] and (4.10)). Standard
Gronwall estimates on the interval (—o0, i) show that L(zpiy) is bounded uniformly in
w. Furthermore, it was shown in Lemma 5.2 that (m — w) hy, has bounded total variation.
Thus to finish the proof, it suffices to show that there is ¢ independent of w such that

e_L(T) Sin gb(/r) S C fOI' all T E [Q;min, 0) (722)

The integration-by-parts technique of Lemma 6.3 yields that L is uniformly bounded in
the region [Zmin, Z2] with z2 as in the proof of Lemma 7.4 (for more details see the last
paragraph of Lemma 7.4, where this method is used to estimate ). On the interval (x3,0),
the a-priori bounds for ¢, (7.9), show that

[sing(r)] < [p(7)] < cetlDh) (7.23)
(with ¢ independent of w). Furthermore,
(h—L) = h' (1 —cosg) < |I|¢* < ca™s
where in the last step we used (7.23), ( 5.25), and (5.22). Since 275 is integrable,
(h=L)|;, < c.

We exponentiate and use that L(z2) is bounded to obtain

—LT) () =h@) < (7.24)

The inequality (7.22) follows by combining (7.23) and (7.24). ]

35



8 Proof of the Decay Rates

We are now ready to finish the proof of Theorem 1.1. In view of Theorem 2.1 and the
consideration in the last paragraph of Section 6, it remains to show that the contribution
to the propagator (1.2) for w € (m — §, m) has the decay (1.6). Since the coefficients
are trivial for w < m, (2.15), the contribution to the propagator (1.3) simplifies to

2

1 " —iw wn wn
T(t,z) = — >y /médwe YD when(z) <TFr | wg> | (8.1)

‘k|§k0 |TL‘§TLO a,b:l

Since ¥y has compact support, it suffices to analyze the w-dependence of U4“"(u) for u
in a compact set.

According to the separation ansatz (2.2), we must only analyze the radial function
X (the angular part Y is clearly smooth in w). To see the w-dependence of X in detail,
we substitute (4.10) into (4.5) and (4.1). This gives, exactly as in the case |w| > m, the
formula (6.7). For fixed u, the function A in (6.7) depends smoothly on w. Using that h
vanishes at the event horizon (because lim,\,, f(r) = w = lim,~, g(r) according to (4.7)
and (4.3),(4.4)), our normalization condition for T4 near the event horizon (2.9) yields
that

1= lim [Xw)]? =2 lim e *®

U——00 U——00
and thus lim,, o, L(u) = log2, independent of w. Furthermore, an argument similar
to (6.19) shows that h'(u) has exponential decay as u — —oo. Hence standard Gronwall
estimates yield that L(u) is bounded and depends smoothly on w. Furthermore, Gronwall
estimates in the finite region between umy;, and u show that the difference ¥(u) — 9 (umin)
is uniformly bounded and smooth in w. Writing

(z+9)(u) = (2 +9)(Umin) + ((£(u) = 2(Umin)) + (I(u) = F(umin))) ,

we conclude that the only possible non-smooth terms in (6.7) are the factors cos(¢min/2)
and sin(¢min/2) with ¢min = Tmin + 9(Zmin)-

We next consider the factors <U¥“" | ¥y> in (8.1). Again from Gronwall estimates,
one sees that for w > m, the expectation values <\Il’2“‘m | ¥o> depend smoothly on w, and
thus our assumption (1.5) implies that

rp = lim <TEm | To> £ 0.
w\m
Except for the additional phase factors, the expectation values are smooth even for w < m.

To compute the phases, we consider (6.7) in the asymptotic regime v — —oo, and compare
with (2.7) and (2.8). This shows that for w € (m — 6, m),

<Y | Wo> = 71 a1 exp (—i @;m) — T2 03 €Xp <Z @;m) (8.2)

with coefficients c,, which depend smoothly on w and are non-zero (indeed lim,, ~p, aq =
1). Since the factor ry is non-zero, we conclude that <¥¥“" | I5> has a non-vanishing
contribution which oscillates like exp(i¢min/2). Using (8.2) and (6.7) in (8.1), we can write
the propagator in the region w € (m — §,m) as the Fourier integral

m
/ efth (Sl efi(xmin‘}’ﬁ(xmin)) + 32 + 33 ei(Imin‘}’ﬁ(Imin))) dw
)

m—
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with coefficients s; which are smooth in w and s3 # 0. According to Lemma 5.3,
Lemma 7.4, and Lemma 7.5, the three contributions to this Fourier integral satisfy the
hypotheses of Lemma 3.2, Lemma 3.1, and Lemma 3.3, respectively (with a = m — w).

Hence the first two terms decay like ¢~ 8- ¢, whereas the last term gives the desired decay
rate ~ ¢~ 6. This concludes the proof of Theorem 1.1.

9 Probability Estimates

We now proceed with the proof of Theorem 1.2. We want to compute the probability p,
(1.7). We begin with the following lemma.

Lemma 9.1 For any Schwartz function f € S(R x R), let Ay be defined by
= hm/ du/ dw/ dw' e~ H=NE) £, W)
t—o00

Ay = 27r/ fw,w) dw and A =0. (9.1)

Then

Proof. We integrate by parts to obtain

/ dw/ dw' e —i(w—w')(t+u) f(w,w')
- / d“’/ A T (<6w+1>(awf 1) ¢ ) £, )

(ttu)?2+1
1 /
— d dw' —w')(ttu) /
[ [ e 9(w.)
where g is the Schwartz function
9w, ") = (=0u + 1)(=0 + 1) f(w, ) . (9.2)

Since the factor ((t £u)? + 1)~! is integrable in u, we can integrate over u, apply Fubini,
and use Lebesgue’s dominated convergence theorem to take the limit ¢ — oo inside the
integrand,

o [ OO VR S T O ,
Ay = 1tl_l)lrglo/Ooclu/ooclw/ooclw (t:l:u)2+16 g(w,w")

> > NET 1 —iw—o) (1)

In the case “t —u,” we introduce a new integration variable & =t — u and get for the

inner integral

lim " du ! —iw=u)t-u) — lim o

—i(w—w)a do = 0.
t—00 | _ oo (t + u)2 +1 € t=00 J1_uo a?+1 € @

This proves that A = 0.
In the case “t + u,” we obtain similarly an integral over the real line, which can be
computed with residues,

uo 1 . , o¢] 1 ) , )
T R e —— ) (D / e i@ e go = g ol
t—o0 00 (t + U)2 + 1 - CY2 + 1
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We substitute this formula as well as (9.2) into (9.3) and integrate by parts “backwards”,
Ay = / dw/ dw' g(w,w') Te 1ol
70000 70000 ,
- 7r/ dw/ ' f (w,w') ((aw F1)(y + 1)e o l) (9.4)
— 00 —00

A short explicit calculation shows that the derivatives can be computed in the distribu-
tional sense to be
(B + 1) (8 + Ve o=l = 2§(w—u') .

Substitution into (9.4) gives the desired formula for A, . ]

We remark that the above lemma cannot be obtained by naively interchanging the orders
of integration.

Theorem 9.2 The probability q for the Dirac particle to disappear into the event horizon,
defined for any € > 0 by

¢ = lim (T 0) (1, ) v dp (9.5)
t—o0 {ri<r<ri+e}
is given by
1 > - k k k
_ wn wn wn
= = Z /_oodw Z Sap <R | Wo>< Wy | W > (9.6)
|k|<ko |n|<mo a,b=1
with

S 9.7
ab 2 thon thon if || > m. 6.7

kwn __ { da1 Ob1 if |w| sm
We remark that p + ¢ = 1, since we know from [3] that the probability for the Dirac
particle to be in any compact set tends to zero as t — oo.

Proof of Theorem 9.2. In the variable u, we need to compute the probability for the
Dirac particle to be in the region u < ug, where ug may be chosen as small as we like.
Thus we can work with the asymptotic formulas near the event horizon, with error terms
which decay exponentially fast as ug — —oo. More precisely, a straightforward calculation
shows that the probability integral in (9.5) coincides asymptotically with the integral of
the scalar product <.|.> on the transformed spinors (see [3, eqn (2.15)]). Thus it suffices
to consider the probability

up 1 2T
q(t) = / du/ dcosﬁ/ dp <U | U>(0.9,0) > (9.8)
—00 -1 0

and let ¢ — oo. Due to the additivity of the probabilities corresponding to the angular
momentum modes (which are orthogonal with respect to the scalar product <.|.>), it
suffices to consider a solution of the Dirac equation with fixed angular momentum quantum
numbers £ and n, i.e.

2
1 [ ;
U(t,z) = — / dw e ™" Z 19, When () <@hon | gy

™
> a,b=1
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We substitute this formula for the propagator into (9.8) and carry out the angular integrals
to obtain

1 uo %) oo ) ,
qt) = — du/ dw/ dw' e Hw=w)t

™ J_

2
XY TP | Wp> 1 <UY [ Up> <XY | XE>(u) .
a,b,c,d=1

Substituting for X the asymptotic formulas (2.5), valid near the event horizon, we obtain
with an exponentially small error term

2

1 uo o0 o0 . ,
q(t) = —2/ du/ dw/ dw' e W=t Z
T —00 —00 —00

a,b,c,d=1

Xt <U§ | Wo> by <W | Wo> (fefiy e @ 4 fT o) (9.9)

Since we cannot expect the integrand to be smooth when w or ' is equal to +m, we must
use an approximation argument. Namely, the integrand is bounded and has rapid decay
in w and . Thus we can approximate the integrand in L' by a Schwartz function, and
applying Lemma 9.1 we obtain

2

1 [ _ -

q = —/ do Y 2458 TE L <Y | Wo> <TY [ To> . (9.10)
oo

s
a,b,c,d=1

It remains to compute the factors f@, <, . In the case |w| > m, we conclude from (2.8)
that L
e ey = de1 bar - (for |w| > m). (9.11)

On the other hand if |w| < m, using (2.15) in (9.10) we must only compute |f{,|2. To this
end, we again consider (6.7). Using that A vanishes asymptotically near the event horizon,
one sees that

lim (IX*]? = |X_ ") = 0,

N1

and thus |f{,|* = |f{_|>. Furthermore, our normalization of the fundamental solutions
near the event horizon (2.9) yields that |f |* + |f" |* = 1, and thus we conclude that

1
PR =5 (for ] <m). (9.12)

Substituting (9.11) and (9.12) into (9.10) and using (2.15) completes the proof. ]

Proof of Theorem 1.2. Since the initial data is normalized by <W¥,|¥y> = 1, by taking
the inner product of ¥y with (1.3), evaluated at ¢ = 0, we obtain that

2
1 o0
1 = = kwn kwn kwn ) )
DYDY /Oodetab UM | y>< Wy | W (9.13)
[k|<ko |n|<no a,b=1
As remarked after the statement of Theorem 9.2, p = 1 — ¢. Thus p is obtained by taking
the difference of (9.13) and (9.6). Using (2.15), we get (1.8).
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For the proofs of (i)—(iv), it again suffices to consider a fixed angular momentum
mode. Since the energy distribution in the interval [—m,m] is absent from (1.8), it is
obvious that (iii) holds.

To prove (ii), we introduce a vector v* € C? by

vg = <UY | Up>, a=1,2
and remark that in the region |w| > m we can write the integrands in (9.13) and (1.8) as
(T v* | v*) and (A v | v¥)

respectively, where, using Lemma 6.1,

w o 1/2 (1)2 w 0 0
™= (t_ 1/2) and AT = (o 1/2—2|t‘f2|2>'

An easy calculation shows that 7" > A. Thus from (9.13) and (2.15),

1 [m 1
1 = —/ dw |<TY | TY>|? + —/ dw (T* v“ | v“) (9.14)
T J—m T JIR\[—m,m)]
1 /m 1
> —/ dw |<TY | TY>|? + —/ dw (A v* | o) (9.15)
T J—m T JIR\[-m,m]
1 m
_ %/ duw |<T9 [ TS24 p (9.16)
—m

and this is strictly larger than p because in case (ii) the first summand is positive.
To prove (i), we note that the factor |<U¥ | ¥o>|? is positive on a set of positive
measure (by continuity in w). Thus it suffices to show that

1
5—2|t°‘1’2|2 > 0 for all w € R\ [-m,m].

Using the explicit formula (6.4) in Lemma 6.1, this holds iff

|tanhz| < 1 (9.17)
with 2z as in (6.6). Using (4.12) together with (6.1), we see that —27 < 9 — 9@ < or
(by the uniqueness theorem for ODEs). Then from (6.6),

T < < T
—— r —.
g S M8E S g
It follows that |e?* — 1| < |e?? + 1|, giving (9.17). This proves (i).
Finally, if (1.5) holds, then we saw in (8.2) that <WU{|¥(> is non-zero for w € (m—4d,m).
Thus (iv) follows from (i) and (ii). [ ]

We conclude by describing the class of initial data for which the Dirac particle must
escape to infinity, with probability one.

Corollary 9.3 The probability p is equal to one if and only if the initial data satisfies for
all k, w, and n the following conditions,

<Thr | Tp> = 0 if lw] <m
TR | To> = —2hem <Whken | > if |w| > m.
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Proof. Tt again suffices to consider a fixed angular momentum mode. In view of (9.16),
p =1 only if
m
/ dw [<UY [ TY>[* = 0, (9.18)
—m
and thus the energy distribution of the initial data must be supported in the outside the
interval (—m, m). Furthermore, the inequality in (9.15) must be replaced by equality, and
thus
(S“ v |v”) =0 for all w € R\ [-m, m], (9.19)

where the matrix S“ is defined by

1/2
w w w 12
=T 4 < t(fZ 2 |t{‘1d2|2 > .

The eigenvalues of S¥ are zero and 3 + 2|t,|2 > 0. Hence (9.19) implies that v must be
in the kernel of S“, i.e.

v = =215 05 . (9.20)
Conversely, if (9.18) and (9.20) hold, it is obvious from (9.14)—(9.16) that p = 1. |

One can also understand directly why p = 1 for special choices of the initial data. Indeed,
to obtain such initial data, one can consider the physical situation where a Dirac particle at
time ¢ = —oo comes in from spatial infinity. If we take as our initial data the corresponding
U(t,x) at t = 0 and reverse the direction of time, the solution to this Cauchy problem will
clearly escape to infinity with probability one.

Acknowledgments: We would like to thank Paul Koosis and Robert Wald for helpful
discussions.
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