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The theory of a quantized Dirac field in the maximal analytic extension of the Schwarzschild metric is
presented. The wave equation and its properties under the continuous and discrete symmetries are reviewed,
the Green’s function is constructed, and the vacuum state so defined is shown to be stable. The excitations of
the system are exhibited and the reduction formulas for the states are given.

I. INTRODUCTION

In a recent publication,'® the scalar field was
quantized in the maximal analytic extension of
Schwarzschild and Rindler spaces. The Rindler
space quantization yielded precisely the usual
quantization when expressed in terms of the Min-
kowski space to which the Rindler space is equi-
valent. The Schwarzschild space is more com-
plicated because the time dependence of the me-
tric within the past and future event horizons is
real; nevertheless, it was possible to find a quan-
tization condition that yielded a stable vacuum the
energy of which as measured from infinity is a
minimum.'® The purpose of this paper is to exhibit
a similar development for the spin-3 field. As ex-
pected, the development goes through just as be-
fore, with precisely the same conclusions: It is
possible to define a global stable vacuum despite
the time variation of the space-time in the inter-
ior region.

In Sec. II, the Dirac equation and parallel trans-
port in curvilinear spaces with a set of local
Lorentz frames is briefly reviewed, and the
stress-energy tensor for a Dirac field is derived,
while Sec. III is devoted to the specialization to the
Kruskal space-time and the derivation of the rad-
ial equation. These sections are, essentially, a
review of the existing literature and are included
for completeness and to establish notations, con-
ventions, etc. The angular and spin eigenfunctions
of the total angular momentum and parity are also
exhibited. The properties of the solutions to the
radial wave equation in the four space-time re-
gions and the continuity conditions across the
event horizons are discussed in Sec. IV. The
Green’s function is constructed, its symmetries
exhibited, and the wave functions and reduction
formulas are exhibited in Sec. V. The stability
of the vacuum is briefly discussed in Sec. VI.

II. THE DIRAC EQUATION IN CURVED SPACE-TIME

The Dirac equation in curved space-time has
been extensively discussed; for a more complete
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treatment the reader is referred to the articles
of Brill and Wheeler,? and of Kibble® and the re-
ferences given there.

The Dirac equation is generally given in flat,
Minkowski space-time; it is a field equation for
a spinor field defined relative to Minkowski coor-
dinates. Locally, one may always introduce such
coordinates, and define the Dirac spinors or what-
ever other field components one has relative to
that basis. In general, it is convenient to intro-
duce a set of orthonormal basis vectors, €,, at
every point of space-time, with inner product

-éa'-éb=naba (2.1)

where the sign conventions of Misner, Thorne,
and Wheeler* will be used, =17y, =7k=1 and 7, =0,
a+b. The basis vectors may be chosen indepen-
dently at each point and, further, there must be
invariance under Lorentz transformations of the
choice at each point,

-éa(x) =Aab(x).éb(x) ’
where (2.2)
Aab Aa'b’nbb’ =TNaa’ -

The infinitesimal version of the Lorentz trans-
formation (discrete transformations are discussed
in Sec. III) is

AL(x) =6 +0w,(x),
where (2.3)
Gwab(x) + waa(x) =0.

Under these transformations, the spinors (or
other fields) transform just as do the correspond-
ing fields in flat space-time:

$ox) = 9 () =e a2y ()
the infinitesimal version of which is
V(X)) = P(x) + 3 10wa(x)S® P(x),

where S® is the generator of Lorentz transforma-
tions on the spinor.
The orthonormal basis vectors may be expressed
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in terms of the more usual coordinate basis vec-
tors* 9/ax*,
)

.éa(x) '_‘eau(x) m ’

(2.5)

in terms of the vierbein components e, *(x). The
covariant derivative of €, is

- ., a3
vuea=eau v 'a—x—u
=eau uebyeb
=- wabu-éb
"wbav_éb ’ (2 6)
where

f“:anvfu"“r)\gf)‘ )

Tyy=g" %(g)\o,u +&yox —&v,0) s
and the covariant derivative of a vector, A =A%g,,
is
V,A=(4°,-A',")8,,
that is, (2.7
(V,4)"=(3,0% + w%,)A°

is the covariant derivative of a vector expressed
in terms of the components relative to the ortho-
normal basis, €,. A vector is, of course, justa
special case of a general spinor, and the covariant
derivative may be immediately generalized to

V,0=0,+2i5% W), (2.8)

which is covariant under local Lorentz transfor-
mations of the basis vectors €, with respect to
which the spinors ¢ are defined. The matrix S*
is the generator of infinitesmal Lorentz trans-
formations for .

In the Dirac theory it is desirable, if not essen-
tial, to employ both sets of basis vectors, the
usual coordinate basis and the local orthonormal
basis; hence the covariant derivative must be gen-
eralized to include the parallel transport of ordin-
ary vectors, Lorentz vectors (defined relative to
the local frames), and the Lorentz spinors. Con-
sider a spinor f%{; the covariant derivative is
then defined as

F f) =8,/ +T b fo0 =TI
+ W%, Ol +2 15 W g, f (2.9

and transforms as f“{,, under both coordinate trans-
formations and rotations of the local frames. Note
that under this definition, g,,, e,”, and any Dirac
matrix y* have vanishing covariant derivatives.

The latter property is somewhat complicated:

For Dirac spinors, $®=30%, y=¢"8, and go®'8
=0%®; thus,

vuazaug-%id—)s”wabvza(_'v-u); (2-10)
and the covariant derivative of a bispinor I'? is
V(M%) =08,T%+w%, I +3i[S%, I' we,, (2.11)
which vanishes for I’ =y°.
The commutator of the covariant derivatives

yields the curvature tensor in a coordinate basis;
here

([6‘” 6v]f)a )‘=R)\opufao _Rbauufbx
+ %iSCdRcduufa)\ ’

where

Rxouuzrm},u _roz.u"'r“rz To=T T
and

Rbaqu wbau,u = Woap,v— wbcuwcau+ wbcuwcau

= eb)\eacR)\ opv

with the latter equality following from the vanish-
ing of the covariant derivatives of ¢°" and the pos-
sibility of converting the Lorentz index a to a ten-
sor index 7. It is now straightforward to write

the Dirac action in curved space; the Minkowski
action is

W=-— _[d"xzz (2—11— y"5a+m>zp,

where units in which#Z =c =1 are used; 9,=8/3x°
-3/8x® and this may be made covariant by convert-
ing the ordinary derivative to a covariant deriva-
tive and including a factor of (-g)Y?=(~det g)¥?

to make the integrand a density,

(2.13)

W=—fd"x(—g)‘/2($ 2% Y"ea+m>¢, (2.14)
where 3,,Eea“§u and the ordering of the factors is
immaterial because [Vu, y*]=0, with 3‘1 now being
considered as an operator acting on everything to
its right (or left for ‘V-"). This action is unique
modulo curvature terms and the only possible term
linear in the curvature is R$$ which must vanish
in the absence of other matter. (Possible $y%,V ¥
and PP terms may be eliminated by standard
transformations of the field.5)

The field equation is then obtained by varying ¥,

<‘y“ %Va+m>¢=0 (2.15)

while the variations of the vierbein fields, which
are not dynamical, yield the stress-energy tensor

S, W = fd“x 5%, TH,. (2.16)
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However, the action is identically invariant under
local Lorentz transformations, hence if 6e®,

=6w’ ,,e the variation must vanish, or
e _qba- (2.17)
and invariance under coordinate transformations,
be®, =06x"e%, . +06x" ,e%
=047, 8% — wpr €® 017,

implies

L

6,,W=+fd"x {Ge“uea“£+6e““e,,"e,“$ [(yb 37 v, +

— 1 =~
= fd“x beqy {e““£+ (eb”zpy” 37 V)\zpe‘”‘) -3

This form for 7% is manifestly symmetric with

the exception of the two terms in bold parentheses;

with the aid of the wave equation and the relation

- 1= ) e
,ycvcsab= _z_ V“‘yb— o Vb,ya+sab,yc§c’

they combine to form a symmetric result. The

last two terms cancel identically, leaving
S, W= fd“x tie,,‘,(—g)‘/2

%w —V"w—ieb“vc[zp{w S“”}w}

= Jd“x deqy (=

Efd“x de, ey T,

— 1 = 1 &
1/2 p_= e a _— U
g) "’(Y rrA 4iv)¢

a

where y#=¢e,*y°.

The symmetry, Eq. (2.17), is manifest in the
second form, while the confirmation of covariant
conservation requires the relations

1..

Y 7 VaVsd=(=mVy + " S Roguly
and
13 v Ly
0= m_-y-i-am+’)’7b¢
=(m® =V, V, - iS®SUR o0)¥,

from which it is easy to show that 7#" is con-
served.

If a representation of the Dirac matrices such
that the y# are imaginary is chosen, the Dirac
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TH,.,=0.

(2.18)
In order to calculate the variation, the identities

Gr)\g = %g“"(vcégxr + V)\agou - .V>u ngo)

and (2.19)
6(“’alrr == %e'r(éeauebu_ eauaebu)
+ % ea)‘eba(eoag)\r - -V.)\égo‘r )
are useful and lead to
1= _
o v)\,yb Y- %Zp{yc’sef} ‘pecy 5we/u
2i
"V, [ ({7, 82N +{y*, s*+{y, S“})w]}. (2.20)

equation is real and the fields may be chosen to
be Hermitian. If they are not already Hermitian,
let

=@+y"V2,
=@-9"HNVZi;
then
DA AR URSETR TGRS TSR

=30, ¥)BY°

Wy
()
t 2%

+ total divergence,

and the action may be replaced by

W=-fd“ )"2sz< iv +m>w

and, likewise, the stress tensor acquires an addi-
tional factor of z and §+- ==y,

The only possible complication is with neutrinos
for which (1 - iy,)y=0; this implies that

P2 =75,

and only one field survives: If the neutrino has
only one helicity, a single Hermitian field de-
scribes both it and its antiparticle with the oppos-
ite helicity.

I1I. THE DIRAC EQUATION IN SCHWARZSCHILD
COORDINATES

For the Schwarzschild space, the metric in
Schwarzschild coordinates is given by (units in



which7Z =c=G =1 are used)
ds®=- (1 - 2M/r)dt? +dr?/(1 = 2M/7)
+72(d6? +sin®0 d¢?) (3.1)

for the entire space-time. There is a coordinate
singularity at » =2M and a real singularity at » =0.
The maximal analytic extension of the metric has
been given by Kruskal,® and the full space-time is
shown in the Kruskal diagram of Fig. 1. Region I
is the ordinary exterior region, » >2M, while F

is the future interior region, » <2M, P is the past
interior region, and II is a second exterior region,
every point of which is spacelike with respect to
every point of I.

The metric has the same functional form in each
of the four regions and ¢ runs from —« to +« in
each region. In region I (II), ¢ is a timelike coor-
dinate and the direction of increasing ¢ is towards
later (earlier) proper times. In regions F (P) 7 is
the timelike coordinate and decreasing 7 is the
direction of later (earlier) times; the ¢ coordinate
is the spacelike coordinate. The coordinate singu-
larity at » =2M, ¢{=x* may be removed by choos-
ing coordinates 7=¢{+7*, where

r*=y +2MIn(lv - 2M|/2M); (3.2)

then physical continuity requirements must be im-
posed across the event horizon, » =2M. Alterna-
tively, both singularities may be removed by em-
ploying Kruskal coordinates

u=+4Me""/** cosh(t/4M) ,
v =+ 4Me™ ™ /*¥ ginh(¢/4M) ,
for regions I and II, and
u =+ 4Me™* /*¥ sinh(¢/4M)
v=+4Me"* /*¥ cosh(t/4M) ,
for regions F and P, and
ds® = = (2M/r)e~" 2" (dv? - du?)
+7%(d6® +sin®0d¢?) .

(3.3)

The two obvious choices for the basis vectors
of the local frames? are unit vectors along the
coordinate basis vectors or along Cartesian vec-
tors oriented relative to fixed orthogonal direc-
tions (the spherical symmetry makes such a speci-
fication possible in the exterior regions). It is
more convenient to orient the local frames rela-
tive to the coordinate basis; the vierbein compo-
nents e¢,” and e, in the Schwarzschild coordinates
are given in Table I with & =M/r while those in
Kruskal coordinates are given in Table II.

The affine connections in the orthonormal basis,
Wapy =e,,"e,,,\:u, may be calculated directly from
the affine connections of the Schwarzschild coor-
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FIG. 1. Maximal analytic extension of the Schwarz-
schild metric.

dinate basis, the nonvanishing elements of which
are

T,b=(1-28)T°
=—(1-29)°r,}
== ¢'(1-28),
Ty =sin’6 T,
= -7 sin®6(1 -29),
(3.4)
ri=Tzi=1/r,
and
T2 =-sin?6 T,3
=—sinf cosf ;

the results are collected in Table III.
It is now straightforward to write down the Dirac
equation, [y*(1/i)¥,+m]y=0, as

11, 11
= —_——
[m+yzrsin‘729 iaesm gﬂﬁrsim‘) i °

0
1 W1 la 1/2 H =0
+€<w i8,+y 7’w 7 LWy Y ,

for »>2M and €=1 (- 1) in I (I), and (3.5)
L 1, sin2 1 1
[WHYZ ¥ sin'/20 i Besin'/*6+y* ¥ sinb i %

1 1 11
—E('yo; wl/zga,wl/ZV—ﬁ‘?at)}‘p:O:

wlr)=|1-28@)/?

for »<2M and €=1 (-1) in F (P). The appearance
of the €’s reflects the differing directions assoc-
iated with increasing ¢.

Just as in flat space, the spherical symmetry
implies the existence of a conserved angular
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TABLE 1. (a) Vierbein components e,* for Schwarzschild coordinates. The local frames
are oriented so that the axes are parallel to the coordinate axes. The upper signs refer to
regions I, F while the lower signs refer to regions I, P. (b) Vierbein components ¢,, for
Schwarzschild coordinates. The sign conventions are the same as for (a).

Schwarzschild
coordinate index t r 0 o}
Lorentz
index
(a)
0 £1/(1 —28)172 (20 —1)172 0 0
r>2M r¥<2M
1 £1/(2¢ — 1172 +(1-24)1/2 0 0
r<2M r>2M
2 0 0 1/r 0
3 0 0 0 (1/7) siné
(b).
0 (1 -2)12 £1/28 =12 0 0
r>2M r<2M
1 (29 —1)172 £1/1-28)12 0 0
rY<2M r>2M
2 0 0 r 0
3 0 0 0 7 sinf

momentum in addition to the conserved energy
(momentum for 7 < 2M) associated with ¢ transla-
tion invariance. Because of the latter, one may
obtain the Fourier transform of the equation with
respect to ¢, replacing (1/7)9 by —w. In Cartesian
coordinates, the generators of rotations on y are
J =Fx(1/i)¥ + 3§ which only refer to the angular

variables, ¥ and 6. However, to complete the
parallel, the spinors must be rotated so that

R7 YR =y, RO-FR'=9?,

and

RJ-yR™ =y*;

TABLE II. (a) Vierbein components e,* for Kruskal coordinates. The local frames are

oriented so that the axes are parallel to the coordinate axes. (b) Vierbein components e,

for Kruskal coordinates.

u

Kruskal
coordinate index v u ] ¢
Lorentz
index

(a)

0 i 0 0 0

1 0 ft 0 0

2 0 0 1/r 0

3 0 0 0 (1/7) sind

f - [e_'/ZM(Z M/Y)]“z

(b)

0 -f 0 0 0

1 0 f 0 0

2 0 0 v 0

3 0 0 0 7 sinf
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TABLE III

(a) Components of W gy for » >2 M presented as an @b matrix, (w

“)ab . The

upper signs refer to regions I, F, while the lower signs refer to I, P. (b) Components of

ay fOr v <2M.

0 1 2 3
(a)
0 0 6, 0 0
1 -6 @’ 0 769 (1 —28)172 #6201 —2¢)!"? sing
2 0 69 (1 - 29)172 0 -6, cose
3 0 6,21 — 2¢)1/? sing 60 coso 0
(b)
0 0 -2’6} 2 —1)17269 #sing 2 —1)1%6?
1 ®'5}, 0 0 0
2 £(2% —1)17269 0 0 —cos6 6
3 +sing 28 - 1)1/%5 0 0 cos06® 0

this is achieved by

R =e-+1% /4e-i(1r/2-6)031/zeiw012 /2 (3.6)
and the generators of rotations become
1
Jy= 7 Ay,
(3.7

1 1
—ptid - -9
i =e <i Bo—cotl 794+ 3 smG)
Note that the derivatives are not covariant deriva-
tives acting on the Dirac field, but are the general-
izations of the Lie derivatives for spinor fields.
It is then straightforward to verify that

[T, ®]=0,

where D is the Dirac equation operator given in
Eqgs. (3.5) and J represents the three operators
displayed in Eq. (3.7). The commuting operators
J, and J% do not completely characterize the angu-
lar and spin dependence because the total angular
momentum includes both orbital and spin angular
momentum. However, the two possible states,
j=1+3% are characterized by different parities,
hence they are not mixed by the free Dirac equa-
tion, nor are they by ®. The operator k defined
by Dirac to designate the two states,’

k=p(1+§-T),
which in this representation becomes
_ 1 1 1/2 1
ipy! <'Y2 Sin’Z9 7 - 9sin'/20 +9° —— sm@ i a¢> ,
(3.8)

has eigenvalues + (j +3) and commutes with the

Dirac equation D.

The matrices iBy'y? and iBy'y® anticommute
with each other and commute with 8, @', and o';
it is therefore convenient to take the representa-
tion of the Dirac matrices to be, in terms of a
direct product p®3 of two-dimensional matrices:

szza a? =p,03,
Y= ipy, Y=- 1Py, == ip30y, Y= ipy0,,

which is related to the usual representation by the
unitary transformation

1_ 3 —
a ‘p3y a "‘ploly

V =e-imp3/ag=inp, /4,im03 /4 5in(1-05)(1=pp)/4 ,

VBV'=p, and Va'v't=p,c’.

Then, the Dirac equation is real, k operates in
the two-dimensional o subspace and the eigenvec-
tors of J, and # completely determine the angular
and (two-component) spin dependence,

kYy: (6, ¢)=k"yf'(9 ®),
JYr (6, ¢)=m 'Y (6, ¢),
Jz‘yb’ (e» ¢) = (klz —E)‘y?' (9) q))

to form a complete orthonormal set in that sub-
space

(3.9)

fde dg sind[Y5 (6, o)1 YR (8, ) =8™""™" b4s xn
(3.10)

6(9 6’)
siné

Doy

’ ’
2'm

8,p) YR (87, )T =6(¢p - ¢') ———

Explicit formulas for the harmonics Y;: are given
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in Appendix A.
The field  is then expanded in Y and e~**¢,

$x)= f g eryp(o, ¢) Pz e,

and y,.(r, w) is a two-component vector in the p
subspace which must satisfy

{m-ia(k’'/r)

+€[=Pww =t ) + v wlr (= )8, ]} Y (7, ) =0,
for »>2M withe =1 (-1) in I (II), and (3.11)
{m - ia(k'/r)

- €[y’ wlr)(= 0)8, +Y'ww =) [} g . r, w) =0,

for » <2M withe =1 (-1) in F (P).

The solutions to these equations are discussed
in Sec. IV. The only remaining task here is to
exhibit the transformation properties of the equa-
tions under the discrete invariances of the space-
time. These invariances are severalfoid. First,
consider the exterior region I. The usual parity
P, time reversal T, charge conjugation C, and
TCP (©) invariances hold. Because 3 is taken to
be Hermitian, charge conjugation is completely
disjoint from the space-time transformations and
will not be discussed here; also T and TCP are
not independent, hence only TCP will be discussed
with T to be composed from TCP, P, and C if
desired. There is an additional symmetry, that
of mapping I onto II: the two exterior regions are
isomorphic, hence the reflection of # into —u« is
also an invariance. In the exterior regions, this
invariance is just the mapping of the functions of
one region into those of the other, but in the in-
terior regions the ¢ reflection is a second parity
operation. The time-reversal operation maps the
interior regions into each other.

First, consider the parity operation in ordinary
Minkowski space-time.? It is

Py(t,r, 7Pt =ipy(t,r, %), (3.12)
but if the local basis oriented relative to (7, 8, ¢)
is used, ¢ =R-'(7)p and

iB=R@)igRT(-7)=- po3' =0,.

Thus, the parity operation is
Pyt 7,6, p)P; =04, r,1—6,p+m) (3.13)

and it is straightforward to verify that the action
is invariant under this transformation in each
region.

The TCP transformation may be similarly in-
ferred,

R*@W°R'(-7)=iy0% =p,0,,

and, because the transformation is antiunitary,
e¢(tx 7, 9, ¢)e-1 =p103¢*(- tr v, m— 6! m+ ¢)
(3.14)

in the regions I and II. In P and F, the same re-
sults hold except that the coordinate labels now
refer to the interchanged regions.

In order to obtain the transformation which inter-
changes I and II it is easiest to consider the parity
transformation in F. That transformation re-
verses ¢ and may be chosen to leave ¢ and 6 un-
changed. Then, the transformation may be taken
to be

PFlp(txyy 9, ¢)PF-1 =p202‘p(_ l"r; By ¢)’ (3-15)

under which the action is invariant in both F and
P; in I and II, the action is also invariant if the
regions are also interchanged. The o, factor
causes a change of the angular momentum-parity
eigenvalue 2’; however, the large components of
the new wave function have the same orbital angu-
lar momentum as did the large components of the
old wave function. The change in k’, for a parti-
cle at rest at infinity, reflects the change in the
intrinsic parity associated with the particle in

the two regions (I and II); this change is necessary
if the parity, P;, is to be continuously defined
over the entire space, specifically within the re-
gions F and P.

IV. SOLUTIONS TO THE RADIAL WAVE EQUATION

It is straightforward to discuss the behavior of
the various solutions to the radial equations. In
terms of the representation given in Sec. III the
radial equation becomes, after multiplying by

B=v°

! 1d
[ <mp2+p1 li—>+e <p3w i@ %)]wk,(r,who,

for »>2M with e =1 (-1) in I (II), and (4.1)

[(mp2+pli;>—e(w-}% )]ZP;.'(T w)=0

for » <2M with €e=1 (-1) in F (P). For large 7,
r*~7 and the two possible asymptotic behaviors
are

[wxg(w)]?

+iq(w)r
ic[wFq(w)]?

e

’

hence the two independent solutions may be char-
acterized by their behavior at infinity,
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1/2 2
Yailr, w) ~ (+q) {exp [+iq (r*+ m'M
T~ \ je(w—-q)/? q
(w-q)V?

R 2
zpz,(r,w)rr:; ie(weq)? )exp[-zq(r*wk

where g(w) = (w? —m?)"/? and the branch is chosen
so that Img >0 and the branch of (w +¢)"2 is chosen
so that Im(w +¢)'/2> 0 with (w +q)"%(w - g2 =m.

Near 7 =2M, the solutions behave as e*!(@"2r*
hence two other independent solutions may be
chosen:

¥ 2)1/2 1/2
PP, w) ~ LoT(Wh™]

*l(wz)l/zr*
b
r22M i[w-.t w2)1/2]1/2

(4.3)

where Im(w?)/2>0 and Im[w + (w?)M2]V2 20. On the
first sheet, the functions y® and y(®®) are analytic
in the cut w plane except that y(-) has poles along
the imaginary w axis. [As is familiar from
Bessel’s equation, for w =z in/2M the two inde-
pendent solutions behave as (» — 2M)" and (» — 2M)~"
+oeo4(r = 2M)" In(r — 2M) rather than (r - 2M)*".]
As there are only two independent solutions,

YEr, w)=a® (WP, w) + B (WP, )
and (4.4)
v, w) = (W, w) + 6 (W)Y, w) .

The consequences of the various symmetries
are recorded in Appendix B.
In the interior regions only the behavior near
r =2M is of interest, and the forms are analogous
to those in the exterior regions:
2\1/271/2
o)~ | TN
rezu 1:[(0:!:((.02)1/2]1/2
(4.5)

The radial equation, Eq. (4.1), is invariant
under (1) complex conjugation and '~ -k’, w
- — w*, and (2) multiplication by p,, w—~-w, and
k’= —Fk’'. The first is the Hermiticity relation
while the second is a parity transformation, in-
volving reflection of the ¢ coordinate; the full
transformations given in Appendix B are found
by combining these with the first and second trans-
formations of the spherical harmonics given in
Appendix A [Eq. (A15)].

The remaining task for this section is to dis-
cuss the boundary conditions across the event

m3*M

)] so(2)}.

(4.2)

w)]- o).

r

horizons. This was discussed in Ref. 1 for a
scalar wave, where it was shown that when a wave
packet was constructed using

e-iwt ‘p‘*')(ry w)
rw2(r)

’

the wave propagated across the event horizon for
which wt + (w?)"/2r* remained finite, that is the

t =+ horizons for (w?)2=:w, and $© propagates
across the other horizons. Here the additional
factor of w~'/2 intervenes and, although the wrong
wave vanishes across event horizon when used

to form a packet, the correct wave is still not
continuous. This is due to the misalignment of
the local frames with respect to which the spinors
are defined. Not only must continuous coordinates
be used but also the local frames on each side of
the event horizon must be aligned so that the unit
vectors are parallel.

In order to align the local frames, first express
their basis vectors ¢,” in terms of continuous co-
ordinates u and v (the angular variables 6 and ¢
are already continuous as are the unit basis vec-
tors parallel to them). Then

du du
Y t % r %
ef=es gy +ed 5
4.6
e"-e'a—v+e'§2 o
e~ %a ¢ ¢ 9y

and the vierbein components inside and out are
given by

u v
ea“=(l) 0 u/vllvi/wam
u/v 0
on the outside (I or II) and 4.7
u v
u 0
e= 41 0 v/u | lul/waM
v/u 0

on the inside (F or P). The discontinuity is here
in the vierbein components even when expressed
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in terms of continuous coordinates; the time axis
is rotating closer and closer to the light cone as
the event horizon is approached. This can be
avoided by reorienting the frames; a Lorentz
transformation,

cosh(¢/4M) - sinh(¢/4M)

La%= - sinh(¢/4M) cosh(t/4M) (4.8)

produces
10
et = eT/M (4.9)

on either side. The Lorentz transformation is a
boost —¢/4M in the ¢ -r plane, thus the spinors
must be transformed by e~*(*/44)°/2 = g(t/aM)at
which in the representation used here is e(‘/"” ]
and, when used to form a wave packet,

e('/su)“lzpﬁ*)(r, w)e—iut/wl/z

should be continuous across the event horizons
at which it does not vanish, First, let (w?)'/?=w
then

WOl Y(x)p(x N0y, x=JI*(x)
S(x,x")= ¢ = i0ly(x" )P0, x'&J*(x)
? 0l p(x ) (x") Oy = — {0l p(x " )y(x)| O,

where ¢ has been taken to be a Hermitian field.
As with the scalar field, S may be expanded in
spherical harmonics and Fourier transformed

with respect to the ¢ coordinate:

m’ m'tinr ’
S(x,x'): Z Yrr (6’ ¢)‘yk/ (9 , ® )

rr'{wr)wr’)]?

R',m

xf —(-i-t—e'i“’("")s"'(r,r';w)
w 2T

(5.2)
and, owing to the anticommutation relations,
5
st -y, we = T2 6.9)

where # is a unit timelike vector lying in the for-
ward light cone,

e(r/gu)al ‘P?')(r; w) ot

wl
0 -t/8M
~ piw(t+r¥) e-'/s
iQwy? ) w'

=<|u+vl>"“4” (r /204 0 (4.10)
4M (lu+ oI/ 72 \ i 2w)*/2 '

from either side which is continuous for the event
horizon u=v. Thus, similar arguments for the
other 3 cases imply that for w just above the real
axis, w~w+ie, P® is “continuous” across the

t =+~ event horizon and just below, w=w - i€,
y® is “continuous” across the ¢=+= event hori-
zon. No additional factors need be included.

V. THE GREEN’S FUNCTION

With the properties of the solutions to the wave
equation in the various sectors in hand, the pro-
cedure for constructing the Green’s function fol-
lows exactly that given in Ref. 1a for the scalar
field, thus only those aspects which are different
will be discussed here.

As before, the Green’s function is to be the
time-ordered product of the fields, but now the
fields are fermion rather than boson fields, hence

spacelike,

ﬁ(m + % y° V,,) S(x —x')=0(x=x")/(-g)? (5.4)

or

l:w(r)(mp2 +p,k'/¥) +€ <p3 l E;; - w)] S¥(r, 7" w)

i
=6(r —r)wr),

for »>2M and € =1 (- 1) for »<1I (II), and (5.5)
, 1 d .
[w('r)(mp2 +p,k /r)+e<l—. p -wp3>] S (v, 7' w)

=6(r —7")w?(r)

for y<2M and € =1 (-=1) for »&F (P); in all cases
the 6 functions are taken to vanish if » and »’ do

not lie in the same sector. For.»,»’'&I or II, the
Green’s function must be well behaved as » =« or
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2M, and as 7 - = the usual positive-frequency result
must obtain. From this, the usual form for the
Green’s function in the exterior region follows,

S, v w) =i =7 W, WP, w*) YA (w)
-0’ =7, W', w¥) By (w),
(5.8)

and the application of the wave equation, Eq. (5.5)
yields

1=ep,[uf:(r, WP, w*) T4, (w)
+ PP, W, w*) By(w)]
or
U, w¥) oyl r, w)ed, =1
and

Wi, w*)Tp i (r, w)eB, (w) =1,

hence
'Y ’. - ’L
S (‘V,’V yw) 2(0)2)1726&5’(“))

X[0(r =7 Wl (r, WP, w*)?

+0(r" =¥)ePs (r, W', w*) ).
(5.7)

The antiunitary TCP transformation yields the
negatively time-ordered product rather than the pos-
itively time-ordered product considered here; how-
ever, sincethat propagator is obtained by integrating
the same S*'(r,7’; w) from —=+i€ to © — i€ rather
than — = — i€ to © + i€ as here it also yields an in-
variance. The choice of Hermitian fields implies
that

S, rw)==S"* (7, -w) (5.8)

while TCP implies
S (r,7'; w)*p, =8* (r, 7"; w*) (5.9)

and the P invariance which interchanges the I
and II sectors implies

PSY r, v wlp, =S (r, 7' = w) (5.10)

all of which are satisfied identically by the form
Eq. (5.7) with the aid of the transformation pro-
perties of Appendix B, Eqs. (B5), (B6), and (B7).
The Green’s function for x&F and x’€1, II may
now be obtained by taking the Fourier trans-
form with respect to w and then letting x cross
into F. The continuity conditions from Sec. IV
yield the e~*!y{)(r, w) term, and the arguments

The Green’s function rclated to its Fourier transform

TABLE IV. The Green’s function S*' ¢, 7'; w) for r,»' in the four sectors.

e—iw(!-t’) sk'(r’ riw) .

orie  do
—w—je 2T

J

S* o ;v b))

r'c P

Yrtr,w —ie ) o w +ie)t

16(—w)

2(~w)af (w —ie€)

+

W tr, @+ oy w —ie)

i0(w)
2wat’ (w +i€)

-
*
3
S
>
=
3
S
=
x
1
>
2

rel

+00 =Y o, w0l ' wh) T

KD or,w i) or',w —ie)t

Bl +i€)
abi(w+ie)

i
-3 o

w(,*:) r,w+ie)fr,w —is)*

i0(w)
2wok{(w +i€)

100 =72 br, ) 0w

2w

i

+

“:)(r,w—ie)zb:,(r’,w«#ie)’

— 4

10(—w)
2(~w)a} ( —ie€)

rcP

— iR o, w +ie)'}

(+)
"V r
70 Ypr br,w

B‘,"(w —-1€)
a} (-

+6(=w)

=00 =W r, WD ', w9 T

Wlr, w +ieN o' w —i)t

Hw+i€)

-if(w)

2wary

(00 = )4 tr, WY o', w3t

ofi(w)

-1

2(w?)

Yprltr,w —i()dl(;r) o, w+ie)t

10(—w)
2(—w)ak| w —ie€)
' I:O(w)

2
2w

rell

(06 =7 W7 r, I o', w0y T

i
2w

— 00 =N O, W)Y ', w9 T
6 o, w —ie g o', w +ie)T

10(—w)

2(—w)ak{(w —i€)

W rw +i YN ' w —ie)t

(w +i€)

"
B1

ok (w+ie€)

W r,w +ieNe (o, w —ie) T
k k

i0(w)
2wek’ (w+i€)

r&F

359

Do, w *)T]

R

— 00 =) r, )i

)

(w —ic) W, w -y 0, w+ie)'

%’ .
_.k],_.
of(w—ie)

+0(—w)5
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given in Ref. l1a indicate that there should be no
e~**)O(r, w) solution as that would correspond

to y(x) having annihilated a particle which emerged
from II rather than I; there are assumed to be no
particles preexisting in II.

Thus
i6(w)
S, w)= 2wa” (w+i€)

Xy, w+ie)lr’, w—ie)t

(5.11)

for r&F, v'&1, while Hermiticity implies

Yo (6, ¢)

0] p(x)p(x" )N 0y= 4 y %)

kT, m’

o
dw —-iwt

)rlPk'(?’ w+ze)¢ or', w—ie)T

T 6(- w)
Sk (7’,7' ,w) +1 E‘—)apm

X3, (r, w -, w+ie)t
(5.12)

for '€ F, v€1. Invariance under the various dis-
crete symmetries yields the Green’s functions
for the points in all possible pairs of sectors of
which one is exterior and the other interior; the
results are recorded in Table IV, along with all
the other forms for the Green’s function.

From these forms, all the states and the reduc-
tion formulas may be inferred. For {>¢’, and
x,x'=1, the Green’s function becomes, assuming
that a*(w) has no zeros in the complex plane,

zp,.(r w-i€)YH ', w+ie)T

)
o 470 € ) or -7’

+9(r'—r)[

gl ‘y,., (e' ¢’ )*
720y 7)

which may be rewritten, using

Yalr,w—-ie)={{wyPlr,w+i€)/q)+ B (w+ie)* i, (r,

and

o (w+i€) o (w - i€) J
YW w+rielyplr, w-ie)t zp,g*,)(r,w—ie)zp:,(r’,w+ie)*}l
a* (w +i€) of (w - i€) f
(5.13)

w+ie)l/a* (w+ie€)

YR, w=i€)=[Yr,w+ie) - B (w+ieHr, w+ie))/a* (w+ie€),

for w>m as

CO1g(x) (x"N0)="3 (Ol y(x)l a){al y(x")] 0)

_ (y "(e ¢) ( m e-iu)t
B Ty j 4 o [

()
k', m!

(]

¢

Yp lr, w) } [ U (r’, w) ]" piut”

a® (w+i€)

aF (w+1€)

L [od _mmt,[ %an+k)] Yo', w+ie) }*
20(g) ¢ | (BN g (@ + i€) [(2n)"2qa"'(w+ie)

Ypilr, w+i€) }( V', w+ie) T
* [(2an)1/2a"'(w+ i€) L(2an)1/2ak'(w+ie)J

« e+.~w<,w) Y, o)’

R, m’

[(27r)1/2q6k'(w+ i€)

_ ‘y (; ) i -iw ¢a'(7',w) d)a'(r,!w)
=2 rw‘72(r) ( fo dwe! ‘[(4nw)f/26“'(w+ie)1 [( )

®g%dg i )
[t

. } iwt’
41w)25% (w + i€)

VP, w +i€) VR, w+i€) *
] [ (2m)*72q8* (w + i€) ]

[ Wolr, w+i€) H Lilr’, w+i€) ]*{
(27wq)26F (w + i€) 271wq)26% (w+i€) ]

x e ‘“")y———,—"’(e' M (5.14)

r' w2(r)
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where w = (g2 +m?)"/? = w(q) inside the ¢ integral. The wave functions e~*“*y® and e~*“*y®), respectively, de-
scribe waves which emerge from P and waves which come in from infinity, and each propagates to both F
and future infinity, while e=*“*y® and e-*“*y® are the time-reversed waves.

To show that ¢*(w’) has no zeros in the complex plane, suppose that it did have a zero at w’; then ¢°
would be regular both at © and at » =2M, and

" L a ntoa ’ 1 ® dy ’ ’ a nt a ’
0< . W20 b, w) Yo lr, ') = ST Tme’ L‘ 020 (W' =™ (v, ") " Ygilr, w")

_; ° i a nt 1,a ’
= St |, ¥ a7 ) i, W)

=0.

There is a contradiction; hence a*'(w) has no zeros in the complex plane. Along the real axis, |a [
=| B +[g/(w?)2]>0 for Re|w|>m and a*<= B for |w|<m, hence there can be no zeros along the real axis
either. In order for the Green’s function to satisfy its equation along the event horizons, it must be true
that the “wrong” solutions (£ -7* as the I, F border is approached) vanish. This is determined by the w
~0 behavior of the Green’s function, which in turn is fixed by the behavior of a*'(w) for small w. As w
-0, y° remains finite but $© vanishes as Vw, hence o*'(w) must diverge as 1/Yw, when inserted into the
Green’s function; this implies that the “wrong” solutions vanish as 1/(¢+7*) and the Green’s function is
indeed a solution.

For w<m, the states may be labeled by k', m’, and w’; then

‘y,’,".’(@, ¢)¢:,(1’, w’+ ie)e"“)'t
rw'?(r)(dnw’)?26* (w’ + i€)

1]

Oly(x)ik’,m', w’, outy= W(x; k', m’, w', out)

=ym'(6, ple=t“"  yr; k', w’, out),

while the in state is given by (5.15)
. Yo (0, p)yailr, w' +i€)
I ’ ’ ’ = ) ) - =
Oy, m’, w', i) rw ) drw’) 2o (w + i€) 4 ~
=y™' (6, ple~ "t Y(r; k', w’, in)
and only differs from the out state by a phase because the particle does not have enough energy to escape
to infinity. The scattering states w’>m are defined by
ur (6, pe=t¢ Dy, ' +i€)
7w (r)(21w'q’ 2% (W' +i€)

(x; ', m’, w’, out)

Olp(x)k’,m’, q',1,1, outy=

=y(x; k', m’,q’,1,1, out)

=Yr (6, ple~* " y(r; k', 9", 1,1, out)

for the state which represents a particle emerging to infinity in I, and (5.16)
2 1/2
Oy k', m’, 4", 2, 1, outy=(0l () k', m”, w’, out) (;)

_Yn(6, ple= iy, ' + i€)
rwr) (21w’ 26 (w' +i€)

Y(x;k',m’, 2,1, out)
=ym'(6, ple~*“ " ty(r; k', q', 2, 1, out)

for the state which represents a particle propagating into the future event horizon. In both equations, w’
=(g" +m?)"? and the common index 1 indicates that the states are localized in I rather than II. The states
are normalized so that

(+++q"l*++q")=2w'8(¢" -q')/q"
and (5.17)

(. PRFALI R 'w'>=6(w” _w;)
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and, from the anticommutation relations, the radial wave functions satisfy the completeness and orthonor-
mality relations

f dw'[Yr; k', w’, out)y(r’; k', w’, out)" +y(r; = k', w’, out)* p(r’; — k', w’, out)]

[

2 0 12 ’
+2 f dq [¥0r;%',q’,5,1, out)p(r'; k', q', 4, 1, out)"
=1

+¢(7’; -kl: q,’j’ 11 out)* 1/)(”'5 —k’; quj, 1, out)T] =5(r __,r/)w/,r2 ’ (5018)

where the Hermiticity property, Eq. (A15), has been used to write Y’ * in terms of y-m' and

- 2y
fu ywr Yr; k', W', out) " y(r, k', w” out) = 5w’ - w"),
2

00 zd .
f rwr Yor;k',a’,5%, 1, out) " yr; k7, 9”57, 1, out) =[2w'6(g" —4")/q"%]8;1;0
2M
while the corresponding integrals of y7,.y,. vanish, as do the integrals of y(r; %', w’, out)"
Xy(r;k’',q’',j,1,out). Similar arguments yield definitions for the wave functions in region II,

N ’ - ZP:'(V,W"'“) ’
Ylr; k', w’, out) = (41r|w|)‘/26“'(w'—ie)rw"z(r)’ w’'<0

(5.19)
519, w’ - i€) . 838 (r, w’ = i€)
w2 (r)2nw’1g )28 (0" - i€) T rwr)2nw1q) 2" (0 - i€)’

Zp(’r;kl’q,)j) - 1, 0ut)= r

w'=-(g" +m2)1/2

which are exactly analogous to those in region I. Then, the reduction formulas are

(k',m’,w’,out|= lim _[ 2drd9¢(x,k(’r)m , @', out)” 0l (x),

t - e

where e=+1, €ew’>0, and (5.20)

; . ® rid .
k'm’ a5, outl=lim [ Lyl 5, €, out) COly(x)
— € Y2M

where the integrations are in region I (II) for e =1 (- 1). For the outgoing waves at infinity, the reduction
formulas are correct as they stand even in an interacting theory. The reduction formulas for the waves
propagating into the event horizon are not valid in the presence of interactions because the particles do
not become asymptotically free; they continue to interact with other particles as they cross the horizon,
hence the propagation of particles in the interior region must be considered.

By taking one point in an exterior region and the other in an interior region, the matrix elements of the
field in the interior regions may be obtained. The results, for x in F, are

() 1+14 -lw’t
Olpx)e',m', w’, out)= (ordz?/z(iSZz;ﬂl(w'T)ll/i))e . (5.21)

The reduction formula is then

(k',m’, w’, outl= 11mf atdQr®wr)et” " yiNr, w'(1 +i€)) (Ol y(x) .

>0 Ywo

Some modification of these formulas is required in the case of neutrinos; their mass is zero (if not, no
modification is required or allowed) and the neutrino states are eigenvalues of (1 —i7y,). The matrix — iy,
when applied to the zero-mass equation leaves it invariant with 2’= —k’; the resultant relations between
the wave functions and the field matrix elements and reduction formulas are given in Appendix B.
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V1. STABILITY OF THE VACUUM

Just as with the spin-zero field, it is now easy to discuss the stability of the vacuum,

51n(0|0)= i f"  d*x 0e® ,(x) (01 T¥,(x)] 0) (8.1)
all space-time
under a variation of M, in Schwarzschild coordinates,
s = [- 0%} e/wlr) +828 e /w(r)], x<I(I)
(6.2)
) M (s36]€/wtr) - 656, e/wlr)], x<F (P),
hence
. r2dr dt 6M 1 & 1
61n<0‘0>_1'[+n+r>+}= dQ_(r_) (0l 3 (x) ( '27v°‘712_ ) P(x)| 0)
. “ yidr [ O6M °° L= .
<i [ an [T 2 () [T a0y a'iF, - mb iy kel
, vidr M
+1£+me 1‘) p . dt(OI (—1V0+mﬁ—l'y k/‘r)d) l())) (63)

which, when expressed in terms of the complete
sum over states, is manifestly imaginary, hence
51n(0|0) is imaginary and (0|0) remains of mag-

nitude 1.

An energy operator may be defined in terms of
the stress-energy tensor density T#’=72sind T*’
and the timelike (in I and II) Killing vector field
&%; however, the contribution from II is then neg-
ative. Instead, take the spacelike surface f=const
passing through I and II; the normal to the surface
is e,* and the energy density in I and II may be
taken to be

€T, =€(u) T4,
which is not conserved,
au(e TH,) = T”,aue(u)
=v5(w) [T, (v, 0+) + T%,(v, 0 =)], (6.4)

but which has vanishing divergence on any surface

J

(k',m’,aIP,lk’,m’,a)—(k’,m’,alk’,m',a)(OlP,l0)=f aQ
1+1

but only positive (negative) frequencies appear in
I (II) where € is 1 (= 1); hence this is positive-de-
finite and the energy as measured by P, is posi-
tive. That is, the vacuum is the lowest energy

r
passing through v =«4=0. Thus, eT¥, yields a “con-
served” quantity for any spacelike surface which
is restricted to the exterior regions. This oper-
ator measures the sum of the energies as seen by
observers in I and II.

If the surface is taken to be a ¢ =constant sur-
face,

H=- fdoueT“,

=_f dﬂfrzdrT‘,
2M

I+1

- udn[; ’2”§¢(25.>¢. (6.5)

If this quantity is evaluated between single-par-
ticle states,

©0 2 _1 -
L rwd’ ew(x,k',m',a)*<g fn) Y(x, k', m’, a)
(6.6)

r

state.

These results should not be at all surprising.
The vacuum states have been defined in terms of
what does (not) appear in the external regions;
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hence the initial and final vacua are just those
states which respectively develop into and from

the state with no particles in the exterior region;
the stability proof provides assurance that no sub-
tleties have intervened. In the exterior region, the
energy is well defined and positive; that energy is
being used to characterize the system.

APPENDIX A

The operators which define the spherical har-
monics are, in the chosen representation of the
Dirac matrices,

1 o,
2 sinf /)’
(A1)

Jy= %%, Ji=e“"’<t86 —cot@l Bp+s
b= 1o sinttgr 2Ly
sin?6 i sinf ¢

The spherical harmonics Y* must satisfy
TYE @) =m'Y (), (A2)
TYE ) =[5 (G +1) =m' (m’ £1)]2Y (7, (A3)
and
kYD )= RYE 7)), K =£(j +3). )
The solution to the azimuthal equation (A2) is

. eim "o
Yar (7) = zﬂ)ifn (o). (A5)
The operators J , may be written as

J _em[(tan%e)‘ o7/
£ sin™ 36

X (£9g)sin*’36(tan 6)* %22 ‘] (A8)
J
Then
J+fyi =0

for a state of total angular momentum j (j +1),
hence

fi () =sin’ 6 (tans 6)~°2?2y,.A (A7)

where ¢,/ is a unit two-component spinor upon
which 0, acts and A, is a normalization factor.
The spinor ¢, is determined by applying the op-
erator &,

KYLP) = —i(j + )0 [cote - |we
= —i(j’ +z)'("'—)17§ sin’ 6(tan 36)~ %22

- a.
xoa[ (tan36)~°2(coty —aé(;):' YAy,

(A8)

but the factor in square brackets is equal to - 0,,

hence
’ Y e”¢ i 1 opy =
kYe =(j +E)(—2—”)755in’ 6(tant6)"°?20, 4, A -,

(A9)

and ¢, must be chosen to be an eigenvector of
U
1

et (1)

and the normalization factor may be calculated
from

fdQ YTy = f d(cos6)sin®' ¢

X(P::,(tan% oz(pklA IIAkI

1
= Bprpn J d(cos6)sin® 716/ A, |2
-1
_ 22[(j -3
= Oprpnl Aprl? @] , (A11)
hence

[24)1]*

2’(j-2)

The result of repeated application of the lowering
operator J _ is then

Ay =

eim'® (j+m") Uz(tan%@)a?/"'
Y= G [(j—m’)!] sin™ 0

( ® \j.n Sin®'6(tan36)” 2
acos()> PV A

(A12)

The factor upon which 9/dcosé6 acts is a poly-
nomial of order 2j in cos6; hence Y;: vanishes
for m’'< —j as it must. The harmonic for m’ = —j
is then
-ij o
=) _ (1) 1R 14
"yk' = ( 1) (2”) [(2] ]

sin’ 6(tans 6)°2?2
XW (AN (A13)
which may then be operated on with J, to obtain the

alternative form

‘y"':' - (- 1)mr+1/2 etim'® [(] -m’)! v (tan%e)"f’z
kR (21[)‘7E (]+m')! n-" 0

9 \Vtrm' Sinzjé(tanée)"‘a’
<6cose> 27 =) Og¥pr-  (Al4)

From these forms the relations
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Y @)r= —i(= 1) 2k /| K| Yy IR (),

YR P) = =ik /| K )Y ),

oYM (=7)=i(k' /| K )(=1) "oy (7)
=i(-1)'ym 7),

where [ is the orbital angular momentum of the
large components in a Cartesian basis, and

O (=7)* = (B /| B (= 1) "™ Yo' (7)

are readily derived; the first, third, and fourth
equations are respectively the transformations
under complex conjugation, parity, and TCP while
the second equation is the result of applying the
other three; it is also the transformation required
for the interchange of regions I and II.

(A15)

APPENDIX B
The representation of the Dirac matrices is
p &0,
B =Py, yl =ip1, 72 == 2'{)303, Y=- ipsou

1 2 3 _
@ =p;, a”"=p,0;, Q@ =p,0y,

(B1)
75 - a102a3
=1p;30,,
and the radial equation is in Schwarzschild co-
ordinates,
{omp, +p,% /7)
+[€/w())[(~ ipd/dr*) - wltyy(r, w) =0,
inI (II) with €=1 (-1), and (B2)

[onp, +p,k /7) = [ e/w ()] (id /dr* + wp,)] (7, w) =0,

in F (P) with €=1 (= 1). The solutions have the
asymptotic behaviors, for complex w,

f;(w))

‘P:'(r, W)% (z’ef;,(w)

. 2m*M . v
xexp|:+ zq(w)(r*+7 In 2M>:|’

(B3)
~ (fm(@)
‘p'l,z’(/y’ w) r~® (léf;((u))

. 2m*M . 7
xexp[-zq(w)<r*+ e In 2_M>] s
f i) =[wEq(w)] Y2 = £if (= w)*

=fr(w*)*, Imfi(w)z0
g(w) = (W +m?)2 = — g(w*)*, Imq(w)>0

and in each region

WOl ) o (Jy N0) explz i) (4

e”i“ ¢{¥(r w) continues across an event horizon
with no factors if wt = (wz)‘/zr* remains finite;
otherwise there is no continuity condition.

The symmetries of the wave functions are as
follows.

Hermiticity:
[‘p:’(ry u))] *¥= - i‘/’:h'(”, - W*)y
[W:'(”, UJ)] *= +i‘pb-k'(r, - w*); (Bs)

[68°(r, W) * = £ iy 3, = w¥)

for 7 in all regions.
TCP:

Pyl Yar(r, @) * = —i€p . (r, w*),

pulYhlr, W] *= =iyl (7, w¥),

P45, W) * = —ig{ D (r, w*) (B6)
for r<I, II and

pues P, W H g = =P, wH)| .

Parity P; has no implications for the radial wave
functions. Parity Pr implies

P (7, W) 1= = 9L (r, = W)y,

P, W) 1=+ %0 (7, = )| 11,

Pt P, )| 1 =[iw/(W) 2] 3, = )l 11,
podi? (r, w) =i /(P2 ] 3, - w)

within each region for ¥<2M (< P, F). The four
solutions in the exterior regions are related:

(B7)

Y (r, w) =a* (WD, ) + B (WD, w),
W, w) =X (WD (r, w) + 8% (W (7, w),
o570, w) = [ (W) /g(w)] [ 6% ()i (7, w)

- B (W (7, w)],
W (r, w)=[ €w?)2/g()][ @* (W)l (7, w)

-7 (Wi (7, w)].

The Wronskian is ¥}.(r, w*)" p,y2.(7, w) = constant,

(B8)

‘Pg‘a)(ry “’*)*034‘:'(7, w) = _‘p:'(ry w*)?pa‘p:'(ry w)

=2q(w),
W, wN) oyiD(r, w) = =y, 0 oD, w)
=2(w?)2,
and (B9)

6% (w*)*a*' (W) = ¥ (w*)*8* (w) = q(w)/(w?)*2.

Owing to the various symmetries the coefficient
functions satisfy
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(@, 0)* (w)* = (a, 8)™' (- w),
(B, 7\ (w)* = = (B, 7)™ (- w¥),
(@, 8,7,0) (w)*=€(a, B, 7, 6)*' (w™),
(@, 8)" (w) = €(a, 8)™' (- w),
(B, 7\ (w) = —€(B. 7)™ (- w),
where €=1 (=1) in I (II) and
(@, Bt (= w) = = [w/(w?)*](a, B)}' (@),
(7, )it (= w) = [w /(W) ] (y, B)}' (w).

For real w, w—wzi€,

(B10)

P8V wFi€), w>m
W) (r, wri€) = P{3V(r, wFi€), |w|<m

[ =490 wFie), w<-m
P, weie)=(w/| w|)yi(r, wFie),
(7, 0 (wxi€)=(B, Y (wFie€), |w|>m
and (B11)
(a, 0) (wi€)=(w/| w)B, 1 (wFie€), |w|<m
| a® (wzi€)|? = | B (wie)[?

=| 8% (wxie)]? = [y (wxie)]?

eq (wx1€)
“Twzieppa s @l7m

The states are
|2 ,m', w', out (in)), |k ,m’,q,1,¢€, out (in))
and

|k ,m’,q,2,¢ out (in))
1k
=| K, m’, €(q® +m?)¥2 out (in))(%) ,

where —®< w'<® (0sg<© and €=+1. The
| w’ out (in)) states represents particles propa-
gating into P from (out of F into) an exterior re-
gion; if w’ >0 (w’ <0) the particle may be found in I (II)
but not II (I). The |...,q,1, €, out (in)) state rep-
resents a particle which escapes to (comes from)
spatial infinity in I (II) for €=1 (- 1), while the
|...,q,2,¢€ out (in)) states represent particles
which have enough energy to escape to infinity
but which to into F from (go from P into) I (II)
for €=1 (-1).

The matrix elements of ¥ (x) between the vacuum
and these states are

m’ -iw't
(Ol ¢(x)| # ,m',a)= 7.31" (&9),((:7),8‘01 ) fir)

=y(x; ' ,m’ a), (B12)

where f® is given in Table V. There,

TABLE V. Values of the function f¢ which appear in Eq. (B12) for the state |a) in each of the regions of the Kruskal space-time.

k', m’,q",1, €,0utyg’ /(2| w’|)1/?

lk’,m’,q’,1, €, outyg’ /(2| w’ | )72

|k’, m’',w’, in)

|k, m, w’, out)

{lo(w") /¥ ")

[6w) (B /ot ) (w')

W o, w7)

x&F

+[0(=w") /b @} o, 0" @' /) ' ])

+0(—w") (8% /o)y ) or, w”)

[0’/ @) @, w') (g’ /')

[6(w) /% () (r, w') g’ /")

[6(w’)/0®" )] r,w’)

[66w’)/8% (W) ryw’)

xe1

[(—w’) /a1 @)Y o, ) @’/ w’ |)

Dr,w)g'/|w'])

[6(=w") /(W)Y

g b, W)

I(w

R
I

[6(-w’)/a

[0(=w’) /6% (WYL try w’)

xe I

{16(w") /8% ("))

) r, w’)

W

6 (y® /6% ) (w")

x&P

+[0(=w) /8% (W} tr, ) @' /| @' |)

+0(=w") (y® /6% ) g () D b, ')




W’ = €(q'? +m?)2 if it is not otherwise defined and
when it appears as the argument of an analytic
function (¢, «, B, ¥, or 8), the function is to be
evaluated at w’ +7€ for w' >0 and at w’ — i€ for

ridr +

k' m’ léotn_hmf
< q ! l)l t—+t€x w(r)

where the integration is over I (II) for e=1(~1), and
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w’< 0. The wave functions of the states with neg-
ative (positive) w’ vanish in I (II).
The reduction formulas are then

Yk, m', q 1, € out (in)) (0] ¢(x),

(B13)

(k' ,m' o out (in)| = lim [ dtaQrqw@rwt(x, k' .m' o' out (in)) (0] y(x),

r—>0

and the integration is in F (P) for the out (in) state. If the particles are not interacting, the w’ states

can be created in I or II; the reduction formula is

“ r¥drdQ
k' m',w, out (in)| = lim —_—

and the integration is over I (II) for w’> 0 (w'<0).

Y (x k' ,m’, W', out (in))X 0] ¢(x), (B14)

In the case of zero mass, there is a further invariance,

Pl (r, w) = + [ W/ (W) 2]y, (r, w),
Pyl (7, w) = = [w/(W?) 2] g2, (r, w),

and (B15)
a7 (r, ) = £ [w/(W?)2]4C)(r, w).
The states are now to be characterized by their helicity and total angular momentum,
0Ly +,3,m", @' ,3", € outy = “225 g3 ] +3,m' @', 5", €, out),
(Oly(M| =,j,m’',q,j', €in) = lj%iliw(x;j +3,m’,q,j’, € in). (B16)

Also

(@, 0 (@)=(a,0) (), (B (W) == (.
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