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Abstract

We prove that, in the non-extreme Kerr-Newman black hole geometry, the Dirac
equation has no normalizable, time-periodic solutions. A key tool is Chandrasekhar’s
separation of the Dirac equation in this geometry. A similar non-existence theorem is
established in a more general class of stationary, axisymmetric metrics in which the
Dirac equation is known to be separable. These results indicate that, in contrast with
the classical situation of massive particle orbits, a quantum mechanical Dirac particle
must either disappear into the black hole or escape to infinity.

1 Introduction

It has recently been proved in [13] that the Dirac equation does not admit normalizable,
time-periodic solutions in a non-extreme Reissner-Nordstrom black hole geometry. This
result shows that quantization and the introduction of spin cause a significant qualitative
break-down of the classical situation, where it is well-known that there exist special choices
of initial conditions for the motion of massive test particles which give rise to closed orbits
[6]. Indeed, the above theorem implies that the quantum mechanical Dirac wave function
in the gravitational and electromagnetic fields of a static, spherically symmetric black hole
describes a particle which must either disappear into the black hole or escape to infinity.

It is quite natural to ask whether this result is stable under perturbations of the
background metric; i.e., if the non-existence theorem for normalizable periodic solutions
of the Dirac equation remains true if the background metric and electromagnetic field are
changed in such a way that the spherical symmetry is destroyed. This is precisely the
question that we address in this paper.

We are guided in our choice of a more general background geometry by the uniqueness
theorems of Carter, Israel, and Robinson [3, 5], from which we know that the most general
charged black hole equilibrium state is given by the Kerr-Newman solution of the Einstein-
Maxwell equations. Thus, in order to investigate the non-existence of periodic solutions
in the most general black hole geometry, we have to study the Dirac equation in the Kerr-
Newman background. The fact that this study is even possible rests on the remarkable
discovery made by Chandrasekhar that the Dirac equation is completely separable into
ordinary differential equations in the Kerr-Newman background geometry, even though the
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metric is stationary and axisymmetric [7]. In order to state our result, let us first recall
that the Kerr-Newman solution is characterized by three parameters, namely its mass M,
angular momentum aM and electric charge ). We prove that the non-existence theorem
for normalizable solutions of the Dirac equation remains true in the case of a rotating
Kerr-Newman black hole provided that the angular momentum per unit mass and the
charge are sufficiently small relative to the total mass of the black hole. Such black holes
have both a Cauchy and an event horizon, and are thus referred to as non-extreme black
holes. Specifically, we prove:

Theorem 1.1 In a Kerr-Newman black hole for which a® +Q? < M?, the Dirac equation
has no normalizable, time-periodic solutions.

In Theorem 3.1, we give a similar non-existence result for the most general stationary,
axisymmetric metric in which the Dirac equation can be separated by Chandrasekhar’s
method. The hypotheses of this theorem are stated as much as possible in geometric
terms. While the solutions one obtains by imposing the Einstein-Maxwell equations on
this metric are of limited physical interest, this theorem indicates that our non-existence
result applies in a broader context (e.g. for a more general energy-momentum tensor).

This paper is organized as follows. In Section 2.1, we derive the separability of the
Dirac equation in the Kerr-Newman geometry in a form slightly different from the one
used by Chandrasekhar so as to recover the equations established in [13] in the spheri-
cally symmetric limit, by letting the angular momentum parameter a tend to zero. In
Section 2.2, we work out matching conditions for the spinor field across the horizons. This
gives rise to a weak solution of the Dirac equation in the physical region of the maximal an-
alytic extension of the Kerr-Newman solution, which is valid across the Cauchy and event
horizons. We then proceed in Section 2.3 to establish the non-existence of time-periodic
solutions. Just as in the spherically symmetric case, the crucial step consists in exploiting
the conservation and positivity of the Dirac current to show that because of the matching
conditions, the only way in which a time-periodic solution of the Dirac equation can be
normalizable is that each term in the Fourier expansion of the spinor field in time and the
angular variable around the axis of symmetry, be identically zero. While the regularity of
the angular dependence of the separable solutions is manifest in the spherically symmetric
Reissner-Nordstrom case, this is not so in the axisymmetric case treated in this paper.
The regularity is therefore established in the Appendix. Finally, we consider in Section 3
the extension of Theorem 1.1 to more general stationary axisymimetric metrics.

2 The Kerr-Newman Black Hole

2.1 The Dirac Equation in Boyer-Lindquist Coordinates

Recall that, in Boyer-Lindquist coordinates (¢, 7,4, ¢), the Kerr-Newman metric takes the
form [3]

ds? = Jjk da? o*

A dr? in? ¢
= 7 (dt — a sin®9dp)? — U <%+d192> - s1r(1] (adt — (r* 4 a?) dp)? , (2.1)
where
U(r,9) = r’+a® cos’9 A(r) = 2 —2Mr + a® + Q?



and the electromagnetic potential is of the form

QUT (dt — a sin® ¥ dyp) . (2.2)

Aj de! =
The metric is singular at the origin r = 0 and at the zeros of the function A. We shall
consider the so-called non-eztreme case M? > a® + Q?. In this case, A has two distinct

7eros
ro = M — /M2 —a? — Q? and rn = M+ \JM?—a®—-Q?

The two radii r¢ and r correspond to the Cauchy horizon and the event horizon for the
non-extreme Kerr-Newman metric, respectively.

We briefly recall some elementary facts about the Dirac operator in curved space-time.
The Dirac operator G is a differential operator of first order,

; 0
— G () —
G_ZG()8m9+B() , (2.3)
where B and the Dirac matrices G7 are (4 x 4)-matrices. The Dirac matrices are related
to the Lorentzian metric via the anti-commutation relations

G @)1 = %{Gj(x), GH(z)} = %(Gj(ac) Gha) + GH2) i) . (24)

The matrix B is determined by the spinor connection and the electromagnetic potential
through minimal coupling. As such, it is determined by the Levi-Civita connection of the
background Lorentzian metric (2.1) and the potential (2.2). The Dirac matrices are not
uniquely determined by the anti-commutation rules (2.4). The ambiguity in the choice of
Dirac matrices adapted to a given metric is formulated naturally in terms of the spin and
frame bundles [17]. A convenient method for calculating the Dirac operator in this bundle
formulation is provided by the Newman-Penrose formalism [6]. More generally, it is shown
in [12] that all choices of Dirac matrices satisfying (2.4) yield unitarily equivalent Dirac
operators. Furthermore, in [12], explicit formulas for the matrix B in terms of the Dirac
matrices G7 are given. In the following, we attempt to combine the advantages of these
different approaches; namely, we first choose the Dirac matrices using a Newman-Penrose
frame, and then construct the matrix B using the explicit formulas in [12].
We choose the so-called symmetric frame (I, n, m,m) of [4],

R <(r2+a)g+A3+a£>
VITTA] oi 9
e(A) 9 9. O 0 0

n = Tm((r +a)a—AE+a%>
r /o .0 0 i 0

= (e 5t o)

_ 1 0 0 i 0

m = \/T_U< zasmﬁa +%_sin19%> ,

where € is the step function e(z) = 1 for z > 0 and e(z) = —1 otherwise. (Because of its
symmetry properties, this frame is somewhat more convenient than the Kinnersley frame
used in [6]. Also, the notation with the step function allows us to give a unified form of the



frame both inside and outside the horizons.) The symmetric frame is a Newman-Penrose
null frame; i.e.
<l,n> =1, <m,m> = —1 ,

and all other scalar products between the elements of the frame vanish. From this complex
null frame, we can form a real frame (uq)q—0,... 3 by setting

w = Busn . w =

V2

up = —=(m+m) , ug = —— (m—m)

V2

This frame is orthonormal; i.e.

9jk Ug ulbc = Tab > 77ab Ué u]bC = g]k ) (25)

where 74, = 7% = diag(1,—1,—1,—1) is the Minkowski metric. We choose the Dirac
matrices v*, a = 0,...,3 of Minkowski space in the Weyl representation

o [ 0 -1 . (0 -G
7_ —]I. 0 ’ 7_ 63 0 )

where & are the usual Pauli matrices

A=y (0T ) o =0 ) e

The ~* satisfy the anti-commutation relations

" = %{7‘1, P} (2.7)

We choose as Dirac matrices G7 associated to the Kerr-Newman metric the following linear
combinations of the y*: ' 4
Gie) = ul(z) 7" (2.8)

As an immediate consequence of (2.5) and (2.7), these Dirac matrices satisfy the anti-
commutation relations (2.4). Next, we must calculate the matrix B in (2.3). In [12], it is
shown that the Dirac matrices induce a spin connection D, which has the general form

0

Dj = @ — iEj — ieAj with (29)
B = Lp00) - TG ,6M GG + LG, VG p L (200

where p = %ejklmGijGle is the pseudoscalar matrix, €y, is the Levi-Civita symbol
of curved space-time, and A; is the electromagnetic potential. Using the spin connection,
the Dirac operator (2.3) can be written in the alternative form G = iG’D;. Thus the
matrix B is given by B = G’(E; + eA;). Since, in our context, the Dirac matrices G7 are
linear combinations of the 4%, the matrix p is simply the constant p = > = iy%yly2+3.

As a consequence, the first and last summands in (2.10) vanish, and we obtain

B — _f_ﬁ Te(G™ V,;G") UGGy + eGIA; (2.11)



Using Ricci’s lemma,
0 = 4V,g™ = V/I(G™ G") = T((V,G™) G") + Te(G™ (V,G"))
and the commutation rules of the Dirac matrices, we can simplify the trace term as
Te(G™ V;G") GGG
= Tr(G" V;G") (8, G = 6, G + G gun + i€y 1°GP)
= —8V;GI + idd™P Tr(G,, V,;Gn) v°Gp (2.12)

Since the Levi-Civita connection is torsion-free, we can replace the covariant derivative in
the last summand in (2.12) by a partial derivative. We thus conclude that

= W@-(\/ﬁ%) o

_ Z Jmnp nab Uam (ajubn) Uen ,75,),0 + eAjufl ,ya

(9 denotes as usual the determinant of the Lorentzian metric). This formula for B is
particularly convenient, because it only involves partial derivatives, so that it becomes
unnecessary to compute the Christoffel symbols of the Levi-Civita connection. Next, we
substitute the derived formulas for G’ and B into (2.3) and obtain for the Dirac operator

0 0 o By
0 0 _ e(A) a_ .
¢ = | yuna 7 o ( 3 with (2.13)
-B_ @y 0 0
1 0 . cotd a sind 1 0 1 0
= (= _ 4+ il el
O+ Wi <2819 + 14 5 + 5T (r —ia cos19)> Wi <a sin pr + o 8(,0)
3, = L(i_i_ cot 9 asinﬁ(+, 19)> L( 1924- 1 i)
L = Wi 2819 1 5 5y ia COS Wi a sin pr pr i
B e(A) 0 0
ar = U|A|<(r —i—a)at—l—zaa(p—i—eQr)
|A| < 0 r—M K >
+ 7 \'5, + 1 5A + oY (r —iacos)
ap = U|A|<Z(T +a)8t+zaa(p+eQr

/|A|<_ =M i >
+ i + i A + 5T (r +iacosv)

The four-component wave function ¥ of a Dirac particle is a solution of the Dirac

equation
—m 0 oy B+
0 -m  [_ €(A)a_ _
(G—m) T (D)a. —B, -m 0 v =0 . (2.14)
—B_ 6+ 0 —m

It is a remarkable fact that this equation can be completely separated into ordinary differ-
ential equations. This was first shown for the Kerr metric by Chandrasekhar [7], and was



later generalized to the Kerr-Newman background [16, 18]. We shall now briefly recall how
this is done, since we will need the explicit form of the corresponding ordinary differential
operators for the proof of Theorem 1.1. We closely follow the procedure in [4]. Let S(r,d)
and I'(r,9) be the diagonal matrices!

S = |A|i diag ((7“ —ia cosﬂ)%, (r—ia COSTS‘)%, (r+ia cosﬂ)%, (r+ia cosz?)%)
I' = —idiag((r +ia cos?), —(r +ia cos?), —(r —ia cos?), (r — ia cos?))
Then the transformed wave function
b= Sv (2.15)
satisfies the Dirac equation
I'S(G-—m)S~t¥ =0 . (2.16)

This transformation is useful because the differential operator (2.16) can be written as a
sum of an operator R, which depends only on the radius r, and an operator A, which
depends only on the angular variable 9. More precisely, an explicit calculation gives

I'S(G-m)S™' =R+ A

with
imr 0 VIA| Dy 0
R - 0 —imr 0 e(A) V|A|D-
N e(A) V]|A| D_ 0 —imr 0
0 VIA| Dy 0 mr
—am cos 0 0 Ly
A = 0 am cosv —L_ 0
N 0 Ly —am cos 0 ’
—L_ 0 0 am cos Y
where
I, 1[4 4.0 0 . ]
Dy = OTZFA{(T +a)8t+a8<p 1eQr
£, = 2 et [ g 2 4 ! i}
T g9 T T2 TS T Gind 0

Now for ¥ we first employ the ansatz
U(t,r,0,p0) = e @ e 0 &(r,09) welR,keZ (2.17)

with a function ®, which is composed of radial functions X4 (r) and angular functions
Y, (¢9) in the form

X_(r)Y_(9)
d(r,9) = ;i ?Eg; : (2.18)
X_(r) Yi(9)

'We mention for clarity that this transformation of the spinors differs from that in [4] by the factor

|A|% in the definition of S. Our transformation simplifies the radial Dirac equation; moreover, it will make
the form of our matching conditions easier.



By substituting (2.17) and (2.18) into the transformed Dirac equation (2.16), we obtain
the eigenvalue problems

RU = AT | AT = AT | (2.19)

whereby the Dirac equation (2.16) decouples into the system of ODEs

(Mm imr — A ><X+> ~ o (2.20)

—imr — X €(A) /]JA]D_ X_
( amcfs+19+ A _am—c%s,ﬂ+ ’ ) < i—f ) =0, (2.21)
where Dy and L4 reduce to the radial and angular operators
Dy = aﬁ + - [w (r* +a*) + ka + eQr} (2.22)
r A
Ly = a% + Coztﬁ ¥ {aw sind + Siﬁﬁ] . (2.23)

For ¢ — 0, the Kerr-Newman metric goes over to the spherically symmetric Reissner-
Nordstrom metric. We now describe how one can recover the Dirac operator of [13] in
this limit: First of all, in [13] the Dirac (and not the Weyl) representation of the Dirac
matrices is used. Furthermore, instead of working with orthonormal frames, the Dirac
matrices are constructed in [13] by multiplying the Dirac matrices of Minkowski space
in polar coordinates v¢, ", 7Y, 4¥ with appropriate scalar functions. Because of these
differences, the operator G~ obtained from (2.13) in the limit @ — 0 coincides with the
Dirac operators Gin/out ip [13] only up to a unitary transformation. More precisely, we
have, in the notation of [13],

Gin/out — Va1 with
1 - 1 9
V() = 72 < i ]l]l ) 3 (1 +i(o! + 0% + 03)) exp(—i % 01> exp (—i 3 02>

In the limit ¢ — 0, Chandrasekhar’s separation of variables corresponds to the usual
separation of the angular dependence in a spherically symmetric background. The angular
operator A then has the explicit eigenvalues A = +(j+ %) with j = %, %, .... The regularity
of the eigenfunctions of the angular operator A for general a is established in the Appendix.

2.2 Matching of the Spinors Across the Horizons

Let us consider the Dirac wave function ¥ = S 10 with ¥ according to the ansatz
(2.17),(2.18). Then the Dirac equation (2.14) separately describes the wave function in
the three regions r < rg, 19 < 7 < 71, and r > ry; for clarity, we denote ¥ in these
three regions by W;, Wy, and g, respectively. Since the ODEs (2.20),(2.21) and the
transformation S~! are regular for r € {0,79,7r1}, the functions ¥y, Wy, and ¥ are
smooth. However, the difficulty is that the coefficients in the Dirac equation have poles at
r =19 and 7 = r;. As a consequence, the Dirac wave function will in general be singular
for r — ryy. Furthermore, is not clear how to treat the Dirac equation across the horizons.
In this section, we shall derive matching conditions which relate the wave functions inside
and outside each horizon. For the derivation, we shall first remove the singularities of



the metric on the horizons by transforming to Kerr coordinates. In these coordinates, we
can also arrange that the Dirac operator is regular. This will allow us to derive a weak
solution of the Dirac equation valid across the Cauchy and event horizons. In the end, we
will transform the derived conditions back to Boyer-Lindquist coordinates.

First, we must choose coordinate systems where the metric becomes regular on the
horizons. One possibility is to go over to the Kerr coordinates (u4,r, 9, o) given in
infinitesimal form by [3]

2, 2
TZa dr dcp+:dcp+gdr

Alternatively, we can choose the coordinates (u_,r, 9, p_) with

du_ = dt —

2, 2
e+ a a
A dr dep_ = dp— A dr
The variables u; and u_ are the incoming and outgoing null coordinates, respectively.
Along the lines uy = const, the variables ¢ and r are related to each other by

7’2—|—a2
A

By integration, we see that, for r — 7o, we have ¢ — Foo. Similarly, lim,_,, ¢ = Foo.
The fact that ¢ becomes infinite in the limit 7 — 7, means that the Kerr coordinates
describe extensions of the original Boyer-Lindquist space-time, whereby the Cauchy and
event horizons have moved to points at infinity. More precisely, the Cauchy horizon
corresponds to the points (r = ry, uy = 00) and (r = rg, u— = —o0); the event horizon
isat (r =7y, up = —00) and (r =71, u— = o0). In other words, the chart (uy,r, 9, ¢4)
extends the Boyer-Lindquist space-time across the points (r = rg, t = —oc) and (r =
r1, t = 00), whereas the chart (u_,r, ¥, ¢p_) gives an extension across (r = ro, t = 00) and
(r=ry,t=—00).

We next work out the transformation of the wave functions from Boyer-Lindquist
to Kerr coordinates. We first consider the chart (uy,r,9,p4). The transformation of
the Dirac equation consists of a transformation of the space-time coordinates and of the
spinors. For clarity, we perform these transformations in two separate steps. Changing
only the space-time coordinates transforms the Dirac matrices to

dt = F dr

ou ou asin?d r? + a?
S+ G = - v+ ——

ot ar JU JUIA]

G = —\/@ CISERRSCICTNEY

QU+ = Gt _,73)

1
G’ﬂ —_ 1
N
o+ Do+ 1 2 a 0 3
G¥+ = @G¥ = + G" - - o - ’
Jyp or sind VU | VU [A] 7=

where O is the Heaviside function O(z) = 1 for z > 0 and ©(z) = 0 otherwise. The
matrices G¥*+ and G¥+ are singular on the horizons. Therefore we transform the spinors
and Dirac matrices according to

U - U =Vr)w , G =V V)Tt (2.24)



with

1 1 1 1 1 1\ 0.3
Vi) = 5 (17T + A7) 1 = 5 (17T — A1) 4% (2.25)
The transformed Dirac matrices are
~ asind r? + a?
aue — 2 | 0_ .3
N Wiii " =7)
~ 1
G = —— |[1=2)" + 1+A)43
S/ (=877 + (14 28) 7]
ar o _ L

T
- 1 Va
G(p - = 2+_ 0_ .3
T A i ' =)

Now the Dirac matrices are regular except at the coordinate singularities ¢ = 0,7 and
at the origin » = 0. The anti-commutation relations (2.4) allow us to check immediately
that the metric is indeed regular across the horizons. The transformed Dirac operator G
can be constructed from the Dirac matrices G? with the explicit formulas (2.11) and (2.3)
(these formulas are valid in the same way with an additional tilde, because the matrices
GJ are again linear combinations of the Dirac matrices 7/ of Minkowski space). From this,
we see that all the coefficients of the Dirac operator G are regular across the horizons.
According to the transformation (2.24) of the wave functions, the Dirac operators G and
G are related to each other by
G=vav

Since the operator G is regular across the horizons, we can now study the Dirac equa-
tion on the event and Cauchy horizons. We denote our original wave functions trans-
formed to Kerr coordinates by Ty, Uy, and o They are smooth in the regions r < rg,
ro <1 <1, and r > ry and satisty the Dirac equation there. However, they may have
singularities at r = rg and 7 = r;. Let us assume that V=0 I+ NG M +\I/o is a generalized
solution of the Dirac equation across the horizons. In order to analyze the behavior of the
wave function near the Cauchy horizon, we write U in a neighborhood of r = rg in the
form

‘iJ(U+,’r’,19, 90+) = G(TO —T) @[(U+,’F,’l9,(,0+) + @(’)"—’Fo) ‘iJM(u+7T7197(10+)

and substitute into the Dirac equation (G —m)¥ = 0. Since ¥ is a solution of the Dirac
equation for r # rg, , we only get a contribution from the derivative of the Heaviside
function, i.e. in a formal calculation

0 = Zér 6(T_T0) (@M(U+,7”,19,(p+)—‘iJ[(U+,’)”,19,(p+))
= 5o 00 =) 00+ (Tarr 0, 04) = Wi, 04))

To give this distributional equation a precise meaning, we multiply the above formal
identity by a test function 7(r) and integrate,

V= /:0_?770") 3 —r0) (° +°) (Tnrus,mdipy) — Frlus,rd,pp)) - (2:26)

By choosing a function 7(r) which goes to zero sufficiently fast for r — ry, we can make
sense of this integral, even if (v* +~3)(¥; — U;) is singular in this limit. For example,



we can choose 77 as 1 = (14 |(7* +4%)(Up — ¥;)|) "'k, where h is a smooth function. It
must be kept in mind, however, that we cannot choose 7 independently in the two regions
r < rg and r > 7o, because n must be smooth at r = ryg. As a consequence, we cannot
conclude from (2.26) that ¥, and W; must both vanish on the Cauchy horizon. We only
get the weaker condition that they have a similar behavior near this horizon; namely, it is
necessary that the following “jump condition” holds:

(70 +73) (@M(U+,’f’0 +57797 (p-l-) - @I(U-HTO _5a19a‘10+)
= o) Flugro e o)) asO<e0. (220)

On the event horizon, we obtain in the same way the condition

(’YO + 73) (\ifo(U+, T+ €, 197 (10+) - ‘iJM(U+, g 197 (10+)
= o1+ +7°) Uns(ug, 1 —€,9,04))) as 0 <e— 0, (2.28)
The constructions we just carried out in the chart (u4,r, 1, ¢ ) can be repeated simi-

larly in the coordinates (u—,r, 9, p_). We list the resulting formulas: The transformation
to the chart (u_,r,9,¢_) gives for the Dirac matrices G~ and G¥-

asind 2 + a?

G = T a0t
G- — L2y % A ()

T VT | VU4
To make these matrices regular, we transform the spinors according to (2.24) with
1 _1 1 1 _1 1\ 0.3
V() = 5 (1A + (@) [AF) L+ (JAT = e(A) [A]T) 1%y
This gives for the transformed Dirac matrices

asind o,  r?+a?

G- = - 7T g 07
¢ = =[-8 - 148y
a0 __ 1

NGk
a

2 0 3
P Pt +
sove Tt

By evaluating the Dirac equation across the horizons in the weak sense, we obtain the
conditions

(7" =) (Par(umyro +6,9,0-) = Ur(um,ro—e,9,0-)

o140 =t e o)) ase—0.  (229)
(’70 - 73) (@O(U_,Tl +67797 90—) - @M(U_,’rl - 6a’l9a(10—)
= o1+ (Y =) Unr(u,r1 — e, 9,0 )]) as € — 0. (2.30)

It remains to transform the conditions (2.27)-(2.30) back to Boyer-Lindquist coordi-
nates. Since the ¢- and p-dependence of our wave function (2.17) has the form of a plane

10



wave, we immediately conclude that the condition (2.27) is also valid in Boyer-Lindquist
coordinates. We do not again write out that we consider the limit 0 < ¢ — 0, but note
that this condition was obtained by extending the Boyer-Lindquist space-time across the
point (r = rg,t = —00),

(’YO + 73) (\i]M(t7T0 + 67197 (P) - ‘i[(t,’)”o - 67197 (P)
= 0(1 + |(70 + ’73) ‘i'M(ta'rO + 67197 (10)|) across t = —oo.

We next substitute the transformation (2.24) and (2.25) of the spinors. Using the identity
_ 1 _1 1 _1 1
VT = (049 5 (AT + A1) + (AI7T - ]A[1) 1)
= 1A (0" +9)
we obtain the condition

|A|7% (70 +73) (\IIM(talr'O + 57797 90) - \Ilf(talr() - 57797 90)
= o(1+|A]7T (7" +4%) Uas(t,ro + €, 9, )|) across t = —oco.  (2.31)

Finally, we consider the transformation (2.15). It also preserves the factor (7% + %),
because

(Y +9% 8 = diag ((T—i-ia cosﬁ)%, (r+ia cosﬁ)%, (r—ia cosﬁ)%, (r —ia cosﬁ)%)
< AT (1° +79°) (2.32)

The diagonal maltrix in this equation is irrelevant because it i15 regular on the horizouns.
The factors |[A|7% in (2.31) are compensated by the factor |A|7 in (2.32), and we end up
with the simple condition

(’YO + 73) (\i]M(t7 o + €, 197 (P) - ‘iJI(t7 o — ¢, 197 (P)
= o(1+ (7" + ) Wns(t, m0 + €, 9, 9)|) across t = —oo. (2.33)

Similarly, the relations (2.28)-(2.30) transform into

(’YO +’Y3) (\ilo(t7rl + 67197(10) - \i]M(t7’r1 - 67197 (P)

= o(1+ (7" +7°) Ups(t,r1 — &,9,1)]) across t = 0o (2.34)
(7° =) (Tarlt,ro +6,9,0) — Ur(t,mo —€,9,¢)

= o(1+ (7" =)Wt ro +&,9,9)|) across t = 0o (2.35)
(7° =7%) (Polt,ri +e,9,0) — Var(t,r —e,0,0)

= o(1+|(Y° =) Uus(t,r1 —&,9,9)]) across t = —oo. (2.36)

The equations (2.33)-(2.36) are our matching conditions.

2.3 Non-Existence of Time-Periodic Solutions

Before giving the proof of Theorem 1.1, we must specify our assumptions on space-time
and on the Dirac wave function in mathematical terms. By patching together the Kerr
coordinate charts, one obtains the maximally extended Kerr-Newman space-time [3]. We

11



Figure 1: The conformal structure of the non-extreme Kerr-Newman solution

do not need the details of the maximal extension here; it suffices to discuss the Penrose di-
agram of Figure 1. Abstractly speaking, the time and axial symmetry of the Kerr-Newman
solution means that the metric admits two Killing fields. In order to better visualize these
symmetries, one can isometrically map the regions of type I, M, and O into the regions
r < rg, 7o <r <y, and r > r; of the Boyer-Lindquist coordinates, respectively; then
the Killing fields are simply the vector fields 9; and 9,. The mappings to Boyer-Lindquist
coordinates are unique up to the isometries of the Boyer-Lindquist space-time (i.e. ro-
tations around the symmetry axis, time translations, parity transformations, and, in the
case ¢ = 0, time reversals). The Kerr coordinates, on the other hand, allow us to describe
three adjacent regions of type I, M, and O including the boundaries between them. When
we speak of Boyer-Lindquist or Kerr coordinates in the following, we implicitly mean that
adjacent regions of the maximal extension are isometrically mapped to these coordinate
charts. The maximal extension may be too general for a truly physical situation (if one
thinks of a black hole which evolved from a gravitational collapse in the universe, for
example, one may want to consider only one asymptotically flat region). Therefore we
assume that our physical space-time is a given subset of the maximal extension. We call
each region of type O which belongs to the physical space-time an asymptotic end. We
assume that, in each asymptotic end, a time direction is given. Thus we can say that each
asymptotic end is connected to two regions of type M, one in the future and one in the
past. We assume that the physical wave function can be extended to the maximal Kerr-
Newman space-time; in the regions which do not belong to the physical space-time, this
extension U shall be identically zero. We want to consider a black hole, i.e. the situation
where particles can disappear into the event horizon, but where no matter can emerge
from the interior of a horizon. Therefore we assume that U is set identically zero in all
regions of type M which are connected to the asymptotic ends in the past. The remaining
assumptions can be stated most easily in Boyer-Lindquist coordinates. Since the phase of
a wave function ¥ has no physical significance, when we say that U is time-periodic with
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period T we mean that there is a real parameter 2 such that?
V(t+Tord,0) = e T U(t,r,0,¢)

For time-periodic wave functions, we can separate out the time dependence in a discrete
Fourier series. More precisely, we can write the wave function as a superposition of the

form
\I/(t, r, ,19’ ‘,0 — szt Z Z 27rm —ikep (I))\nk (2‘37)
n,k€Z \coj(A)
with
Xﬁnk Y:\nk

Ank 1 2 Ank 2 Ank Xk y Jnk
O () = S (r,9) D (r,9) O (1, 9) = Yok <k ,

Ank v Ank
X Ank y )

where the radial and angular functions X*"* () and Y 2" (¢9) satisfy the equations (2.20)

and (2.21) with

wln) = Q + 2% n
The index A in (2.37) labels the eigenvalue of the operator A in (2.19); the set o}}(A)
denotes (for fixed n and k) all the possible values of A\. As shown in the Appendix, the
set o} (A) is discrete. Finally, we specify our normalization condition: The Dirac wave
functions are endowed with a positive scalar product (.|.). For this, one chooses a space-
like hypersurface H together with a normal vector field v and considers for two wave

functions ¥ and @ the integral
(T | )y / TG vidp (2.38)

where ¥ = U*4? is the adjoint spinor, and where dy = N d3z is the invariant measure
on H (g now denotes the determinant of the induced Riemannian metric). In a regular
space-time, current conservation V;WG’/® = 0 implies that the scalar product (2.38) is
independent of the choice of the hypersurface. The integrand of (¥|W¥)4 has the physical
interpretation as the probability density of the Dirac particle. Therefore one usually
normalizes the wave functions in such a way that (¥ | ¥) = 1. In our context, the
singularities of the metric make the situation more difficult. Indeed, the normalization
integral for a hypersurface crossing a horizon is problematic since such a hypersurface
will necessarily fail to be space-like on a set of positive measure. We will therefore only
consider the normalization integral in each asymptotic end away from the event horizon.
More precisely, we choose for given ry > ry the one-parameter family of hypersurfaces

Hi, = {(t,r,9,p) with t = to, ¥ > 19}

For a normalized solution ¥ of the Dirac equation, the integral (¥ | W)y, gives the
probability of the particle to be at time ¢5 in the region outside the ball of the radius o
around the origin; this probability must clearly be smaller than one. Therefore we impose
for a normalizable solution the condition that, in each asymptotic end,

(U] W)y, < o for all 5. (2.39)

*We remark that the condition of time-periodicity inside the horizon can be weakened to local uniform
boundedness in ¢. This is proved by an “averaging argument” identical to the one given in [13, Appendix A].
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We now begin the non-existence proof by analyzing the wave function in each asymp-
totic end in Boyer-Lindquist coordinates. The following positivity argument shows that
each component of the Dirac wave function must be normalizable: We average the nor-
malization condition (2.39) one period and use the infinite series (2.37) to obtain

1 t+1
s > —/ dr (0| W)y

- Yy Y- / dr 2T —n) &

n,n' k,k’ /\/\’

x/ e~ (K =R)0 xnk (1 9) @M K (1 9) dpsy (2.40)

Since the plane waves in this formula are integrated over a whole period, we only get a
contribution if ¥ = k¥’ and n = n’/. As is shown in the Appendix, the J-integration gives
zero unless A = X', and thus the right hand-side of (2.40) reduces to

3 Z / SV (r, 9) DN (1, 9) dpigy (2.41)

nkEZ Acol Hiory

Since the scalar product in (2.41) is positive, we conclude that the normalization integral
must be finite for each ®k,

(@A | @ARY, < o0 for all n,k € Z, A € o} (A), t € IR.

In this way, we have reduced our problem to the analysis of static solutions of the Dirac
equation. This simplification is especially useful because it enables us to work with the
matching conditions of the previous section. In the following, we again use the notation
(2.17),(2.18).

Lemma 2.1 The function |X|? has finite boundary values on the event horizon. If it is
zero at v =11, then X wvanishes identically for r > ry.

Proof: The radial Dirac equation (2.20) gives for r > r;

d d d
Al —| X2 Al —X, X X, \/JIA] —X
VIALZIXP = <y/IA] X, X> + <X, \/IA] 2 X>

= 2 \Re(XTX ) + 2mrIm(XTX ") (2.42)

and thus
—(|A[+mr) | X]* < /|A |X|2 (1Al +mr) | X7 . (2.43)
In the case that |X|?(r) has a zero for r > ry, the uniqueness theorem for solutions of

ODEs yields that X vanishes identically. In the opposite case | X|?(r) > 0 for all r > 7,
we divide (2.43) by +/]A[ | X|? to get and integrate,

,r.l ’ ,r.l
—/ (A +mr) [A] 7 < log| x| < / (M +mr) A5, rm<r<r,
r r r
Using that the singularity of |A|_% at r = 7y is integrable, we conclude that log | X |? has
a finite limit at r = . [ ]

Combining this lemma with our normalization and matching conditions, we can show now
that the Dirac wave function is identically zero outside the event horizon:
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Lemma 2.2 Uy vanishes wdentically in each asymptotic end.

Proof:  According to our black hole assumption, we can apply the matching condition
(2.36) with Wy, = 0. Expressed in the radial functions X, this implies that

lim X (r) =0 . (2.44)

r1<r—ri

Using asymptotic flatness and the transformation
T0T = |A|7% Uz 670\11 ,
the normalization condition (2.39) is equivalent to the integral condition

o0
/ |X|2 dr < oo for ro > rq. (2.45)

T2
As an immediate consequence of the radial Dirac equation (2.20),

d

9 Ox+2 _x2) —

. (X P-1x 1) =0 . (2.46)
Thus the function | X+|? — | X~ |? is a constant; the normalization condition (2.46) implies
that this constant must be zero,

XTP—|X" > =0

Together with the condition (2.44), we obtain that lim,, <, |X|?> = 0. Lemma 2.1 yields
that X, and consequently ¥, must vanish identically. [ |

We remark that equation (2.46) can be interpreted physically as the conservation of the
Dirac current in radial direction (notice that WG™¥ = U~s (XT]2 = X2 |Y]?).

It remains to show that the wave function also vanishes in the interior of the horizons.
For this, we use the matching conditions and estimates similar to those in Lemma 2.1.
Proof of Theorem 1.1: According to Lemma 2.2, U is identically zero in all regions of
type O. We first consider a region of type M in Boyer-Lindquist coordinates. Crossing
the event horizon in the past and in the future brings us to regions of type O where ]
vanishes. Thus the matching conditions (2.34) and (2.36) yield that

, 0, 3\ 4 _a— w 0_ .34
SAm (V) Uyt dp) = 0 = lim (v =) Uu(trd,e)
and thus
rlilrnﬁlr1 U (t,r, 9, 0) = 0 . (2.47)

The radial Dirac equation (2.20) in the region M implies that

d
Al —|X]2 =0
VIAl x|

(this again corresponds to the conservation of the radial Dirac flux). Thus |X|*(r) can
only go to zero for r; > r — ry if it is identically zero. We conclude that ¥ must be
identically zero in all regions of type M.
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Finally, we consider a region of type I in Boyer-Lindquist coordinates. We can cross
the Cauchy horizon at ¢t = oo or ¢ = —oc; this brings us to regions of type M, where
Wy = 0. Thus the matching conditions (2.33) and (2.35) imply that

Toilrrgm Ur(t,r,d,0) = 0 . (2.48)
The radial Dirac equation (2.20) inside the Cauchy horizon is the same as in the asymp-
totic end. Thus the estimate (2.43) again holds, and we conclude from (2.48) that U,
vanishes identically. [ |

3 The General Separable Case

Our goal in the present section is to prove an analogue of Theorem 1.1 for the most general
stationary axisymmetric and orthogonally transitive metric in which the Dirac equation
can be separated into ordinary differential equations by Chandrasekhar’s procedure®. An
expression for this metric was determined in [14]. When the Einstein-Maxwell equations
are imposed, this metric gives rise to all the generalizations of the Kerr-Newman solution
discovered by Carter [1], as well as to a family of exact solutions for which the orbits of
the two-parameter Abelian isometry group are null surfaces [9].

Our aim will be to state as many of the hypotheses of our theorem as possible in purely
geometric terms. We will thus begin by giving a geometric characterization of the metric
which constitutes the starting point of [9]. We will limit ourselves to the case when the
orbits of the isometry group are time-like 2-surfaces, since the procedure is quite similar in
the case of space-like or null orbits. We wish to point out that the assumption of orthogonal
transitivity is a very natural one to make in a general relativistic context. Indeed, it is
a classical theorem of Carter and Papapetrou [2] that if the energy-momentum tensor
satisfies some mild invariance conditions, then every stationary axisymmetric solution of
the Einstein equations has the property of admitting through every point a 2-surface
which is orthogonal to the orbit of the isometry group through that point, i.e. the metric
is orthogonally transitive.

Let us first recall from [8] that any four-dimensional metric of Lorentzian signature
admitting a two-parameter Abelian group of isometries acting orthogonally transitively
on time-like orbits admits local coordinates (u, v, w, z) in which

duw? dz?

ds* = T *|(Ldu + M dv)*> — (N du + P dv)* — - x| (3.1)

where the metric coefficients L, M, N, P and the conformal factor 7! are functions of
z and w only, and where X = X(z), W = W(w). Furthermore, we have LP — M N # 0,
T >0, W >0, X >0 in order for the metric to have the required Lorentzian signature.
It is manifest that the action on the isometry group generated by the Killing vectors

% and % is orthogonally transitive since the orbits, which are given by the time-like

*We should point out that there exist metrics admitting only one Killing vector, in which the Dirac
equation is completely separable into ordinary differential equations [11]. These metrics are not covered
by Chandrasekhar’s approach since the symmetry operators underlying this different type of separability
are necessarily of order 2 or higher. In contrast, Chandrasekhar’s method always gives rise to symmetry
operators of order 1 since it fits into Miller’s theory of factorizable separable systems [15].
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2-surfaces © = ¢1, w = ¢y, admit the orthogonal 2-surfaces given by u = ¢}, v = d,.
Carter [2] proved furthermore that the four-dimensional Lorentzian metrics admitting
an Abelian isometry group acting orthogonally transitively on non-null orbits have the
following remarkable property: there exists in the isotropy subgroup at every point an
element of order two whose differential £ maps every vector X in the tangent space to the
orbit through that point to its opposite, and maps every vector Y in the normal space to
the orbit to itself. In the local coordinates (u, v, w, z), this involutive isometry is given by
mapping (u,v,w,z) = (—u, —v,w, z). Recall now that a Newman-Penrose null frame for
the metric (3.1) is said to be symmetric [8] if under the involution £, we have

LI)=-n ,; Ln)=-1l, Lim)=-m , LM =-m . (3.2)

A symmetric null frame (I, n,m,m) for the metric (3.1) is given by

L= %(LP—IMN<P%_N%>+‘/W%>
"= %(LPEMN<P8%_N%>_\/W8%>
mo= %(LP—IMN<_M%+L%> - X%)
mo= %(LP—IMN<_M%+L%>+“/)_{%> ’

Besides the metric (3.1), we will also consider the electromagnetic vector potential given
by
A=Ajd’ =T (H (Ldu + M dv) + K (Ndu + Pdv)) (3.3)

where H = H(w) and K = K(z). The 1-form (3.3) is manifestly invariant under the action
of the isometry group of the metric (3.1). Note that the Maxwell field 2-form F' = dA
is skew-invariant under the involution £, so that the electromagnetic energy-momentum
tensor is invariant under £, in accordance with the hypotheses of the Carter-Papapetrou
theorem [2].

It was shown in [14] that a necessary condition for the Dirac equation (G —m) ¥ =
0 to be separable in the above symmetric null frame for the metric (3.1) and in the
electromagnetic vector potential (3.3) is that the metric functions L, M, N and P satisfy
the constraints

o L 0 M
%(LP—MN) =0, %(LP—MN) =0,
9 N 9 P
%(LP—MN) =0, %(LP—MN) =0

In geometric terms, these conformally invariant conditions are equivalent to the require-
ment that the flows of the null vectors fields [ and n of the symmetric frame be geodesic
and shear-free,
PVt = 0, 2Vl + Vilj) = (Vg = 0,
nVin® = 0, 2(Vjn,+ Ving) — (VPn,)gi6 = 0
It is noteworthy that these conditions are necessary and sufficient for the Stackel separa-
bility in the metric (3.1) of the Hamilton-Jacobi equation for the null geodesic flow,

k98 05
Oxd Ork
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By implementing these separability conditions and doing some relabeling of the metric
functions and the coordinates we see (see [9, Section 3]) that the metric can be put in the
form

w Z
ds?> = T7? | = (er du + mdv)? — — dw? —

X
Z w Z

Z
(e du + pdv)® — Ydm2 , (3.4)

where e; and ey are constants and where
m:m(w), p:p(w)a Zzelp—€2m

The next necessary condition for the Dirac equation to be solvable by separation of vari-
ables in the symmetric frame for the metric (3.1) and the electromagnetic potential (3.3)
is is that the algebraic structure of the Weyl conformal curvature tensor be of type D in
the Petrov-Penrose classification [14]. This conformally invariant condition is necessary
and sufficient for the separability of the massless Dirac or Weyl neutrino equation GW¥ = 0
(see [14, Theorem 2]). The type D condition for the metric (3.4) can be expressed by the
condition that the 1-form w given by

w = (42)7! (eym/(z) dw + eg p'(w) dx)

be closed,
dw = 0. (3.5)

We therefore have locally
w = dB

for some real-valued function B(w, z).

Finally, it was shown in [14, Theorem 3] that the massive Dirac equation (G—m)W¥ = 0
is separable in the symmetric frame for the metric (3.4) if in addition to the conditions
stated above, there exist real-valued functions ¢g(z) and h(w) such that

ZV2 T exp(2iB) = h(w) +ig(z) . (3.6)

This is the only separability condition for the Dirac equation which is not conformally
invariant.

We begin by analyzing the type D condition 3.5. It was proved in [9, Section 4] that,if
this condition is satisfied, then a set of coordinates (u,v,w,z) for the metric 3.4 can be
chosen in such a way that the metric functions p(w), m(z), the constants e, es and the
function B take one of the following four forms:

Case A:
e = 1 =e, pw) =w, m = —z*,
-
Case B_:
e1 = 0, eg =1, pw) = 2kw , mx) = —z? -k,
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Case B:

€1 =

Case C0;

61:1762:0,p(w):1,m($):0,
B = —n/4

We are using the same labelling for the cases given above as the one used in [1, 9]. Each
of these cases admits an invariant characterization which we will not recall here but which
is given in [10]. Next, by imposing the separability condition (3.6), we conclude that the
conformal factor T~ must be constant in each of the cases A, B_, By, and C%. This
constant can be normalized to one by a rescaling of the coordinates.

We will restrict our attention for the rest of this section to Case A, which can be thought
of as the generic case. Indeed, we will see below that the solutions one obtains when
imposing the Einstein-Maxwell equations in Case A contain the Kerr-Newman solution as
a special case. On the other hand, it is shown in [1, 9] that the solutions one obtains when
imposing the Einstein-Maxwell equations in the remaining cases have isometry groups of
dimension 4 in Cases B_, B and 6 in Case C°°. These solutions notably include the Taub-
NUT and Robinson-Bertotti metrics. Furthermore, it is shown in the above references that
all these solutions can be obtained from Carter’s A solution by a suitable limiting process.

The metric in Case A is thus given by

w? + x?
X(z)

W (w)

2 2 X
) Q_Md 2 (x)z(du—l—dev)Q—
w? + 2z

ds? = _ =\
i W (w) YTt

(du—z*dv) dz?® . (3.7)
The Dirac equation for the metric (3.7) can be separated by a procedure analogous to
the one described in Section 2 for the Kerr-Newman metric. It is proved in [14] that the

spinor field given by 4

E ;1/2 _Ew§ Y_Ex;

U,U’u)x:e_i(wu v) w% w — 4T Xi(w) Yi(z

U (u, v, w, z) ) (W (w)) (w 1 ixz)1/? Xi(w) Yf(m) . (3.8)
(w +iz)Y? X_(w) Yy (z)

where w and k are constants, will be a solution of the Dirac equation expressed in the
symmetric frame for the metric (3.7) and the Weyl representation of the Dirac matrices,
if and only if the transformed spinor

X )
O(w,z) = § ; . (3.9
X )

4To facilitate the comparison with the expression given in (2.15) for the Kerr-Newman case, we have
chosen to include the factor W# in the transformation of the spinor field. Just as in the Kerr-Newman

case, this transformation has the effect of producing a slightly simpler eigenvalue equation in the variable
w than the one obtained in [14].
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satisfies the eigenvalue problems given by

We =2o Xo = -0 | (3.10)
where
1w 0 VW Dy 0
W — 0 —imw 0 VW Dy
| VWD, 0 —im w 0
0 VW Dy 1 0 1w
—mx 0 0 VX Ly
Y - 0 mx VX L,_ 0
0 VX Ly, —-mz 0 ’
VX L, 0 0 mx

and Dy and L4 are the ordinary differential operators defined by

9 Lo,

Dwi = 8_'(1) + W [—wa + ik — ZGH('LU)]

Los = 5o F i fiwe? = ik = X'(0) —ieK()
T+ = Oz F ZX(:E) 1WT 7 1 T e x

As a motivation for our generalization of Theorem 1.1, we recall from [3] how the Kerr-
Newman solution arises as a special case of the metric (3.7) and vector potential (3.3).
For this, we first impose the Einstein-Maxwell equations

1 1
Rij — 5B gij — Agij = FFf — ZgiijFkl , (3.11)

which determine the remaining functions X, W, and the electromagnetic field F = dA.
The general solution is given by

A

W= u'tfu’+ frot fot+QF+ P (3.12)
A

A = # (Qw (du — z? dv) + P z (du + w? dv)) (3.14)
’U)2 +$2 ’

where (Q and P denote the electric and magnetic monopole moments and fy, fi1, f2, g1
are arbitrary parameters. These solutions were first discovered by Carter [1]. The Kerr-
Newman solution is obtained as a special case by putting suitable restrictions on the pa-
rameters A, fo, f1, f2,91 appearing in the metric and by implementing through the choice
of coordinates (u,v,w,x) the additional hypothesis that the metric is stationary axisym-
metric (as opposed to simply admitting a two-dimensional Abelian isometry group). This
procedure will serve us as a guide in formulating the conditions under which the analogue
of Theorem 1.1 holds for the Dirac equation in the metric (3.7).

We first re-label the coordinates (u,v,w,z) as (¢,¢,r,u) and rescale the ignorable
coordinates ¢ and ¢ so as to have e; = 1, ea = a, where a is a constant. Note that while a
is freely normalizable at this stage, it will become an essential non-normalizable parameter
once our freedom to scale the coordinates will have been exhausted. The expressions of
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the metric functions p(r) and m(u) will thus be slightly different in this normalization of
the coordinates. We have

Taking the cosmological constant A to be zero, the metric functions W?2(r) and X? (1)
appearing in Carter’s A solution will take the form

W(r) = for’ —2Mr+ fod® +Q* +P* | X(u)=—fop*+g1pu+ fo

We now implement the hypothesis of axisymmetry of the metric by letting ¢ be an
angular polar coordinate adapted to the axis of symmetry of the metric and taking u to
be proportional to the cosine of the polar angle measured from the axis. The range of ¢
will thus be the interval (0,27) and the range of p will be a bounded open interval. In
order for the metric to be of hyperbolic signature, we must require that X (u) be positive
for p varying in that bounded interval. It follows that the roots of X (x) must be distinct
and that X (u) must be positive as p varies in the interval bounded by these roots. This
gives the constraints

fa >0, g2 +4fafo > 0

Next, we can ensure that the singular behavior of the metric at the roots of X(u) is
caused by nothing more than the usual angular coordinate singularity at the polar axis
by choosing the ignorable coordinates and the remaining parameters appearing in the
metric in such a way that the roots of m(u) and X (u) coincide. Thus, we use our residual
freedom to replace ¢t by a constant linear combination of £ and ¢ to add the same arbitrary
constant to p(r) and m(u). The roots of m(u) will then be located at the endpoints of a
symmetric interval (—c,c). In order for the roots of X (u) to also be located at ¢ and —c,
the coefficients g1, fo and fy must necessarily satisfy the relations

g =0, fo >0, fo >0

We can now set fo = fo = 1 by rescaling p and r, so that the range of u becomes the
interval (—1,1). With these normalizations, the parameter a has now become an essential
parameter in the metric. The metric functions p,m, W and X thus reduce to

p(r) = r*+ad® | m(u) = a(l—p?) ,
W) = r2—2Mr+d®>+Q*+ P2, X(u) = 1—p?

We see that by letting cos p = ¥, where —m < 9 < 7, we recover the Kerr-Newman metric
in Boyer-Lindquist coordinates (2.1).

We are now ready to state a theorem which generalizes Theorem 1.1 to the most
general family of stationary axisymmetric metrics in which the Dirac equation is solvable
by separation of variables. We will consider a normal form for the metrics (3.7) of Case A
in which the stationary and axisymmetric character of the metric is made manifest through
an appropriate choice of coordinates and by the imposition of suitable restrictions on the
singularities of the metric functions. This normal form is easily established by a procedure
similar to the one we described above for the Kerr-Newman metric.
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Theorem 3.1 Consider the stationary, azisymmetric metric and the wvector potential
given by

2 W(r) B 9 2 r’+ad’y?
ds® = T (dt —a (1 —p*)dp) W) dr
X (22 s TP Hdp?
’f’2 + CL2/J,2 (a dt (’l" + a )d(,D) X(/J,) d,u' 9 (315)
_ 1 2 2, 2
A = iz (H(r) (@ —a (1= p?) dp) + K(p) (adt — (r* +a*) dp)) , (3.16)

where a > 0, —oo < t < 00, 0 < ¢ < 2w, H(r) € C*(IR), and K(p) € C*®([-1,1)).

Assume that the functions X (u) € C*°([-1,1]) and W(r) € C*°(IR) have simple zeros

at p=1,—1 and r = r1,...,7rN, so that the range of the coordinates is p € (—1,1) and

r € R\{r1,...,7n}. Suppose furthermore that the metric is asymptotically Minkowskian,
0 < lim 7 2W(r) < o

r—+oo

Then the Dirac equation (G —m) ¥ = 0 has no normalizable time-periodic solutions.

This theorem can be thought of as an analogue in the axisymmetric context of the gen-
eralization presented in [13, Remark 4.3] of the non-existence theorem for normalizable
time-periodic solutions of the Dirac equation in the Reissner-Nordstrom background. We
can likewise argue here that the proof of Theorem 3.1 is similar to that of Theorem 1.1.
Indeed, we can see from (3.10) that the separated equations obtained for the metric (3.15)
are similar in structure to those obtained in the Kerr-Newman case. Next, we remark that
in view of the assumptions made in Theorem 3.1 to ensure the regularity of the metric at
the symmetry axis, it follows that the maximal analytic extension of the metric (3.15) will
have a conformal diagram similar in structure to the one obtained for the non-extreme
Kerr-Newman metric (see Figure 1). We thus conclude that matching conditions for the
spinor fields across the horizons take a form identical to the equations (2.33)—(2.36) which
were obtained for the Kerr-Newman case. The key observation is then that the assumption
that we made about the zeros of W (r) will guarantee that the estimate required to prove
the analogue of Lemma 2.1 is valid in this more general context. Finally, the regularity of
the eigenfunctions of the angular equation is established by the same procedure as in the
Kerr-Newman case, by showing that the angular operator can be viewed as an essentially
self-adjoint elliptic operator on the 2-sphere S? with C™ coefficients.

We conclude by remarking that non-existence theorems similar to Theorems 1.1 and 3.1
likewise hold true in Cases B, B_, and C%.

A Regularity of the Angular Part

In this appendix, we will show that all solutions of the angular equation (2.21) are regular.
More precisely, we will see that these functions are of class C'*° in the open interval
0 < ¥ < m and uniformly bounded on the closed interval 0 < ¢ < w. The method is
to reduce the problem to an elliptic eigenvalue equation on the 2-sphere, where standard
elliptic regularity theory can be applied.

Consider on S? the PDE

0  cotd 1 0
. . 2 . 2 3 _
<w <819+ > > + 40 Snd 95 + aw sind o am cost o )a Aa (A1)
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for a two-component, complex function o (07 are again the Pauli matrices (2.6)). With
the ansatz
Y ke (Y-
v, )

the eigenvalue equation (A.1) simplifies to (2.21). Thus it suffices to show regularity for
the solutions of (A.1).

Unfortunately, the coefficients in (A.1) have singularities (which are not just removable
by a coordinate transformation on S?). However, after performing the transformation

9
a = a=Ua with U(19,<,0) = exp<—i§g3> exp(—i§g2> )

which is uniformly bounded on S? and smooth away from the poles, we obtain for & the
equation Aad = Aa@ with the smooth operator

> 3}
A= i(&’V—a’"E> + aw sind o — am cos¥ o’

where ¢” and ¢¥ denote the Pauli matrices in polar coordinates,

o' = sind cospol + sind sinpo? + cos? o?

0¥ = —sinpo! + cosyo?

The operator A is essentially self-adjoint on C*°(S?)? C L?(S?)?. Thus its square A?
is a positive, essentially self-adjoint operator with smooth coefficients on a compact do-
main. Standard elliptic theory yields that A? has a purely discrete spectrum with finite-
dimensional eigenspaces and smooth eigenfunctions. Since the eigenvectors of A are ob-
tained by diagonalizing A on the finite-dimensional eigenspaces of A2, they are also smooth.
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