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Abstract. Using the formalism developed in the preceding paper, all axisymmetric
stationary horizons are described. It is found that the bifurcate-type horizons (such as
Schwarzschild) are as numerous as about four functions of one variable, while the extreme-
type ones (such as extreme Kerr) only as about two functions of one variable. On the other
hand, there is exactly one axisymmetric stationary space-time containing a given bifurcate-
type horizon, in comparison to a whole family (at least as numerous as two functions of one
variable) of such space-times for a given extreme-type one.

The total mass m and angular momentum am of the corresponding black hole could
in principle be computed from the invariants describing the bifurcate-type horizons,
because the horizons determine their space-time uniquely, but a definite way of com-
putation will probably be difficult to find. On the other hand, the Kerr-Newman-like
parameters m and a are easily defined and computed for any extreme-type horizon, but their
physical meaning remains so far obscure.

1. Introduction and Summary

In the previous paper [1], a simple classification of symmetry
properties of the perfect horizons [2] has been achieved. In the present
paper, we find all horizons of the first few most symmetric classes which
can be imbedded in electrovacuum space-times. We use the notation
introduced in [1]; this paper will be referred to as I hereafter [e.g., the
Eq. (x) of [1] will be denoted I(x)].

In Section 2, the spherically symmetric horizons are investigated.
They are found to form a three-parameter family that contains the
Reissner-Norstrom horizons with m?> e+ h? (m is the mass, e the
electric and h the magnetic charge) and bifurcates in two two-parameter
subfamilies at m? = e? + h?, the first being the extreme Reissner-Nord-
strpm one, and the second being formed by the horizons in the homo-
geneous space-times SZ x P2. Here S2, P2 is the 2-sphere and 2-pseudo-
sphere, respectively, of radius m and x denotes the Cartesian product
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of metric manifolds. Thus, all spherically symmetric horizons are static —
a Birkhoff-like inversion of Israel’s theorem [3].

The axially symmetric horizons with a collineation group — briefly
AC-horizons — are easy to deal with, because they possess special space-
like sections. The complete set of independent invariants for this class,
found in Section 3, consists of four functions A(9), B(3), C(9), D(9) of
one variable + finite number of parameters (cf. also [2]). Thus, AC-
horizons are rather numerous. One could argue that this result need not
have any physical relevance, because we have given only the horizons
and not whole space-times and we cannot, therefore, say whether there
is a physically reasonable (asymptotically flat, causal, etc.) space-time
for any of our horizons. But this argument seems to break down for the
following reason. We show in Section 3 that, given an 4C-horizon ./#,
then there is only one axisymmetric and stationary space-time ./#
containing ./ as a Killing horizon (we suppose analyticity, but this
restriction is probably not very important). That is to say, if there is
some matter or charge orbiting a black hole, then this must show up
in the inner structure of the horizon (see also [4]). And it seems desirable
to have physically reasonable axially symmetric stationary space-times
with matter and charge flows round a black hole, since this would be the
simplest model for some observable effects. On the other hand, all such
space-times should be at least as numerous as four functions of two
variables (stationary constraints on the flows — essentially conservation
laws — together with the symmetry imply that just the ¢- and t-com-
ponents of any flow are non-zero and depend only on r and §). Thus,
we have, in fact, obtained too small a number of horizons, showing
either that the flows round a black hole cannot be completely arbitrary
or that different flows are compatible with the same exterior analytic

fields (examples of the latter possibility are well-known: the singularity

of the Schwarzschild field with a total mass m can be smoothed out by
matter of density ¢(r), arbitrary up to a relation

jgrzdr———%.)

0

We believe that our result does not contradict the various no-hair-
theorems, because these are rigorously shown only for static electro-
vacuum [3] or stationary vacuum [5] in the full extent, and, in a restricted
extent, they concern only the fact that all fields different from Maxwell
and gravitational fields are zero at the horizon [6]. There seems also
to be no contradiction to [ 7], where the black hole in energy and angular
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momentum exchange with surrounding flows is described with just two
parameters.

More difficult is the analysis of the axisymmetric horizons with a
translation group — briefly AT-horizons (they are of the type, say,
extreme Kerr). The four invariant functions 4, B, C, D, which were
arbitrary in the AC-case, now have to satisfy a complex system of
differential equations. We show in Section 4 that the only solution is
given by 4, B, C, D corresponding to the Kerr-Newman horizons with
m? = a® 4 e* + h?. Thus, the parameters m, a, e, h are — formally — well-
defined for any 4 T-horizon. On the other hand, some other invariant
functions, which have to be identically zero for the A C-horizons, can,
now be arbitrary; we arrive at a complete set of independent invariants
consisting of two functions 4,(3), 4,(9) of one variable + finite number
of parameters. Another surprising property is the following. Given an
AT-horizon ./, then unlike the AC-horizons, there is a whole family
of axisymmetric stationary space-times .# containing .# as a Killing
horizon, and this family is at least as numerous as two functions of one
variable + finite number of degrees of freedom. In other words: put all
axisymmetric stationary solutions of Einstein-Maxwell equations which
contain Killing horizons in a box, shake it and fish at random one
space-time out of it. Then the probability to be confronted with an
AT-horizon is not less than that for an 4C-one! Of course, it is not clear
what is the “quality” of all these imbedding space-times. More analysis
will be necessary.

2. Spherical Symmetry

Suppose that the transversal group & is isomorphic to SO(3).
According to Theorem 3 of I, 4 has a normal subgroup, ¥, say, with
spherical space-like trajectories in .# and isomorphic to SO(3). Then,
in a sort of spherical coordinate system 3, ¢, we can set (I1(20))

A =R 2 I'=s—R 12 %ctgl, ¥,=const, d, =const, R=const, (1)
207 d,—W,— Wi =R"Z. 2)

(ImY,) ]/—g; is a curl (I(23)), so the integral of (Im ¥,) ]/g:] over the whole
sphere vanishes, or

V=Y, ©)
and the affine coordinate « can be chosen such that (I(22))

Q=0. (4)
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All such affine coordinates form a class, %, say; any two elements o, o
from % are connected by a transformation

o« =n-a+(%9),

where # =0 is a real number and ¢ a real function. On the other hand,
if ge¥ and ae€¥, then o' =¢g(x) is again from %. This means that
gla)=mn,-o+&, (9, @). But, for any g€ %', there is a pointwise invariant
ray with coordinates, say, 9,, ¢,. Thus

g(aa '999 (pg) = (O(, '99’ (pg)

for any a, or #,= 1. Hence the affine distance between the intersection
points of any ray with two fixed orbits of 4’ is independent of ray, if
measured by an a € %, and there is, therefore, a subclass, ¢ of €, such
that any a € €’ is constant along the orbits of ¥'. Any two o, ¢’ from €
are related by a transformation of the form o =7 - a + &, where  # 0 and

0 .
£ are two reals. Choose some a € ¢, L = ¥ and M tangent to the orbits
o

of ¥'. Such a frame is determined by the horizon structure up to the
transformation

1 .
o =n-a+¢, L’=-’:I—L, M =é*M, (5)

where n+0, ¢ are real constants and {(9, @) is a real differentiable
function. Because M is tangential to a family of surfaces, it follows from

I(11) that . ©

Any rotation ¢“”’ M, of M at a point p can be considered as a trans-
formation of M, by means of g,, where g is an element of ¥’ keeping p
fixed. It follows that any quantity of non-zero spin weight [8] must be
zero:
A=¥;=¥,=0,=0. (7)
From I(14), we have
p=po+¥,-a,

and p, must be constant along the surfaces = const, because of (1)
and the constancy of u (1 has spin weight zero). (3) and (6) yield

Mo = Ho - (®)
Under the transformation (5), u, transforms as follows
Ho=1-pto—¥2-C,

any other quantity so far mentioned remaining unchanged. We have,
therefore the following two cases
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1) ¥, 0. Then there are always  and ¢ so that py=0.

2) ¥, =0. Then there are always » such that either p, =0 or py=1.
There is no transformation of the form (5) bringing these two cases into
each other.

Theorem 4. The spherically symmetric horizons form the following two
families:

1) There is a frame in which

B ctgd
Ry

R_2=2¢:—¢1“2g/2, T3=lp4=¢2=0.

=0, I'= A=0, u=1+Y%, -«

1 0
This family has the additional symmetry generated by <oc+ ?) P if
2

¥,=*0, and by %, if ¥,=0, and is identical with all Reissner-Nord-

strom horizons with the mass m, electric charge e and magnetic charge h,

where
¥Y,=FR *(mR—e*—h?),

e
R)2’
R=mzt]/m*—e*—h*.

2) There is a frame in which

Red, = —ilm®, =

L
R)/2’

ctgd
R)/2’

R 2=20{®,, V,=¥,=¥,=,=0.

Q=0, I'=-

A

This family has the additional symmetry generated by oca—é:x— and (T(jx_'

Its full set of invariants: two reals Re®,, —ilm®, assuming all values
from R? except for the origin.

Corollary. (Analogy of the Theorem of Birkhoff). Any spherically
symmetric horizon has at least a one-dimensional longitudinal symmetry
group.

The horizons of class 2) are found in the homogeneous electrovacuum
space-time with the metric

2
ds? = *[zy+h7 dw? =2dwdy—(e* +h?) (d9 +sin’$do?).  (9)
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which is obtained from the Reissner-Nordstrom metric

A
ds? = = du? = 2dudr — r*(d9* + sin®* 3 d¢p?),

A=@r—mp—y, y=|/m’=e’—h>,

in the following limit [9]: perform the transformation
u=y"'m+7)*(gy+lgw), r=@m+y)"*(wy+m+y)°), (10)

and set y=0. The solution is not asymptotically flat; two horizons of
class 2) crossing each other are going through any point of it. The class 2)
horizons are those of maximal symmetry possible (5-dimensional group).

3. Axisymmetry and Collineation (4 C-horizons)

AC-horizons are defined as follows: their transversal group ¥ is
isomorphic to SO(2) and the group # of all longitudinal HS is just the
one-dimensional two-component collineation group (see I). We have
the following (cf. [2]).

Theorem 5. The complete set of independent invariants for all AC
horizons is formed by
1) Four smooth functions A, B, C, D on the circle 0 < 3 < 2 such that

AQRrn—3)=—-A(9), BQ2n—9=B(9),
C2rn—9H=C9), DQ2n—3)=D(9),
A(Q)=A(n)=B(0)=B(n)=0, A'(0)=-A(m)=1, (12)

(11)

and the limits
: / -1 3 7 -1 : ", -1 . ", -1
lim (B'A™Y), im(B'A™Y), lim(4"- A7), lim(4"-477)  (13)

all exist and are finite.

2) a positive real number R.

The horizon M corresponding to the value A, B, C, D and R of the
invariants can be constructed as follows: on M with the differentiable
structure of S* xR, choose coordinates o, 9, @,

o= const being S* and (§=const, ¢ =const)

being R'; 9, ¢ are some usually oriented spherical coordinates on S* with
singularities at 9 =0, 3 = . Introduce the degenerate metric

ds* = —R*(d%* + A* dg?), (14)
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the vector fields
0 t 1/0 i 0 i
T da’ Aﬁ_ﬁﬁ_ﬁ(ﬁ§+jIﬁEﬂnz

and the affine connection

0
L Ba E) (15)

{ vL=0, V,M=0, V,L=QL, 16)
VyM=—-TM, VyM'=uL+TM",
where
i 1 B t 1 A
= — —, I'=— — —, 17
& /2 R A° /2 R A4 a7
,u=<C2+—;—R_ZA‘IA”—%R"ZA”B)-(X. (18)
The Maxwell and Weyl spinors ®;, ¥; are given by their components
T():q/l:@():o, ¢1=CeiD, ¢2=(M+(I)1)'O(,
‘P2=C2+%R‘ZA”A”—%R‘ZA‘IB’,
YV,=(M"¥,+ & M*®,) o (19)

W= LM T Q) (M Wy 4 0] M0 o]

+OFTMT+TT+QN[(MT D)) o]}
in the pseudoorthonormal tetrad whose first three vectors are L, M [10].
The HS group 9 is generated by
I
oo’ Oo
with the totally autoparallel Cauchy surface at o=0.
Proof. i) The invariant properties of 4, B, C, D, R can be seen as

follows. The coordinates 3, ¢ on .# are determined by the whole con-
struction of the Theorem 5 up to transformations

(20)

Jon—-98, oo—-—0, (21)
99, P—=¢— o (22)

where ¢, is a constant. For (22), 4, B, C, D, and R remain unchanged.
For (21), the new A, B, C’, D, and R’ describing the old horizon are

R'=R, AHN=Arn-9), BH)=-Br-9),

(23)
C'(H=Cr—9), DO =Dr-9).
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As functions on the sphere &, A, B, C, D, R are related to ¥, and @,
by (19):

i
2
R 24A7'4"=-2C*+¥,+¥;, R Z?A'B=i¥,—-¥;),

C=)oi o, D=-—-(go —lgo)),

from which and from the boundary Condition (12) they are uniquely
determined (if existing at all for a given set of ¥,, ®@,). On the other
hand, ¥, and @, are invariant (see I)'.

Thus, the invariance against all coordinate and triad transformations
with the exception of (21), (23) is established.

ii) The independence of A, B, C, D, R means that the horizon data
given in the Theorem 5 satisfy the characteristic initial value constraints
[Egs. 1(14)-1(16)] identically. A straightforward calculation, which
will not be given here, proves this easily.

iii) The symmetry claimed can be verified, if we introduce another
frame field L, M’, which is invariant under the symmetries. Then, the
components of all magnitudes in the new frame must be independent
of ¢ and . Such a frame is given by

1 B

1
L=ol, M=M-——— - 2,41 2
*h /2 R 4™ (24)

the new metric component are equal to the old ones (14), and the new
rotation coefficients are given by

VeL=L, VyM=QL, VyL=0QL, (25)

VM =(MQ+TQ+ Q)L —TM',

26

VM =W,+MQ" —-TQ" +QQ"L+TM'", 29)

where I', Q is given by (17). The transformation formulas for the com-
ponents of the Weyl and Maxwell spinor under the transformation ([10])

Pianll o EE = (T ST (20)

! We could choose ¥, and @, instead of 4, B, C, D (a proposal by S. Hawking, private
communication). The set of invariants would, then, be more homogeneous; on the other
hand, ¥, and ¢, must satisfy more complicated constraints than 4, B, C, D and it is not
so simple to construct the corresponding horizon (differential equations had to be solved).
Therefore, we preferred the 4, B, C, D.
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where # 40 is some real and ¢ some complex function, are

! ! /7 1
0=0, &1=9,, 2=;(¢2+2f+‘1’1),

1
/=0, q]/=0’ W’:'{I, /=_lI/ +W ,
0 1 2, 13 17( 3 +387 Y, (28)

1
Y, = F(?’4+45+ Pi+6E72Y,),
(f g=¥o=¥,=0).

i 1 B .
W T 70(, we obtain
P,=M"®,+2Q" D, h=MYTY,+3QT W, + o MT D,
YV, =tM "+ T M P, + P M*®)+4Q (M ¥, +dT M* D,) (29)
+3f M T+ T M@, +6QQ7 Y, .

Each of (14), (28), and (29) show the required symmetry.

iv) Finally, we must show that all horizons with axial and collineation
symmetry are described by the Theorem. Suppose .# is a horizon with
these symmetries. We know from I, Lemma 6, that there is a unique
totally autoparallel Cauchy surface %, in .#. On the other hand, the
Theorem 3 of I guarantees the existence and uniqueness of the subgroup
4" of the group ¥ of all HS of .#, which is isomorphic to SO(2) and
satisfies ¥=9"x H. 4 S, =S, holds, because ¥ and # commute,
so the trajectories of ¥ starting in %, remain in %,, and are closed.
S, 1s, therefore, a Riemannian surface with axial symmetry (and spherical
topology), and we can choose coordinates 9, ¢ on it as follows. There
must be two fixed points p and g of ' on ¥ ; because ¥, is complete,
there is at least one geodesic y of length 7R joining p with g. Choose $

Using (28) with n=o and (= —

1 . .
RS being the distance from p, say. The parameter

of 4 is ¢, 0=¢=2n; the curves g,-y form the ¢ =const-curves,
Y - x, x e S, the 3 =const-curves of the coordinate system. The metric
has clearly the form

along y so that § =

ds*= —R?*(d9%*+ A* do?), (30)
where A satisfies the boundary conditions
A(0)=A(rn)=0, A'0)=—-A'(n)=1,

because ¥, must be a smooth surface (a cusp would mean that the set
of tangent vectors orthogonal to the ray going through the cusp does
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not form a null hyperplane, which is impossible in regular space-times;
[ am indebted to S. Hawking for this remark). Now, we can extend the
functions 3 and ¢ to the whole of .# keeping them constant along rays;
and we introduce an affine coordinate « such that =0 at %, and the
lines o =const, 3 =const are trajectories of ¥". Then, § and ¢ are co-
ordinates on & as well, so the metric § can be defined by (30). The vector
M on & (see I) can be normalized as follows

S U B N B
M—Wf(ﬁw‘;%)’ G1)
so that
. 1A ~ A
F:F:—-——-———— ,%/‘2—*———*‘
/2 R A° R* A (32)

Clearly, A~' A” must be regular at the poles p, g.
Because % is a generator of %', the scalars ¥, and @, do not
depend on ¢. Then, the Eq. I(23) is
0Qy 04,

de 08 =F(@9), (33)
where F(9)= —i(¥, — ¥5)R?A. The vector field 2, given by
Q,=0, Q(p:B(S) (34)

with B'=F is a solution of (33). The Eq. I(22) then implies the existence
of such a rescaling of o that Q, is given by (34) or

Y,-¥;=—iR A" 'B. (35)
Q, is a continuous vector field, so it must be zero at the poles 3=0, n:
B(0)=B(m)=0; (36)

A" B, too, must be regular at the poles. (32), (35), and 1(20) yield

{ .
T2=C2+‘E‘R_ZA_IAN—‘-;—R"ZA_IB/, (37)
where we have set
¢, =CeP (38)
C(9) and D(93) being real smooth functions on the circle satisfying

CH)=C2rn—9), DO =D2rn—29). (39)
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By rescaling « so that (34) holds we have arrived at an affine coordinate
o which is determined up to a transformations

where # is a constant. Geometrical meaning of o« is as follows: choose
a vector L at p € 4, use the parallel transport along the curves ¢ = const,
and ¥, -maps along 3=const. A smooth, well-defined vector field L
along %, results because of (33). Parallel transport of L along the rays
completes the definition of L on .#. o is then the parameter of integral
curves of L such that o’ =0 at %,.

From (31), 1(21) and 1(6), we obtain

Q:——’Q—R—IA*B (40)

7

and 1(14) together with (37) implies
u=u0+<C2+ %R‘ZA‘IA”— —;—R_ZA-IB’)'O(/, A=hg,

where p, and A, are independent of a. But %, is totally autoparallel;
hence py,= 4y, =0 and

u=<cz+ LR g —;—R—ZA*lB/).a’, A=0. (41)

2
On the other hand, (40) and (31) yield
0 1 1/90 i 0 i, 0
L=% M=73 ?(39‘*7 9 Ta a) )

We have arrived at the metric (30) and the affine connection (32),
(40), and (41) in the frame (42) exactly as required by Theorem 5. In the
frame (24) they have components independent of o and ¢. Now, we
require that ¥, ¥, and &, have the same property, or, using the trans-

formation formulas (28) for n = ;, ,E=—Q:

O, =o/(Py(H—2Q7 D),
Pi=o (P59 —-3Q7¥,), (43)
P, = 2(P,(9) — 4Q" P4(9) + 62 QT W,),

where @,(3), P5(3) and ¥, (3) are the o, p-independent components of
Maxwell and Weyl spinors in the frame (24). Setting (43) into 1(14) we
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obtain
C=M"d, +2Q% D,
S=MTY,+3Q7 Y, + O M D,
Y, =4Q" P, —6QT Q" Y,
1
+3&/—{(M++F++Q+)[(M+ Y, +d M"®)o]
+ @MY +TH+ Q) [(M*T D)a']},

and (43) yields (19) at once, q.e.d.

Theorem 6. For any analytic AC horizon M, there is only one space-
time . satisfying the following conditions

) J is analytic, symmetric under the action of a one-dimensional
group of motions 9, and contains a horizon ' isomorphic to M

2) The trajectories of G starting at M’ do not leave ' and are neither
closed nor parallel to the rays of M.

Theorem 6 is stronger than the corresponding one given in [2] except
for the analyticity requirement. This is likely not to be necessary, but
without it we were, in fact, unable to prove anything?. This new version
has been proposed by S. Hawking.

Proof. With the same tools as S. Hawking used in [13] and [14],
we show from 1), 2) that ./# must, in fact, be axisymmetric and stationary.
The group # of motions of ./# acting along the rays of .4’ keeps all
points of the totally autoparallel Cauchy surface % of .4’ fixed.
According to the classification of such fixed points, given by Ehlersin [15],
the two null directions orthogonal to ¥ at & are fixed directions of
#, and, according to Boyer’s theorem [15], the two null hypersurfaces
generated by the rays corresponding to these initial points and directions
form a bifurcate Killing horizon of .Z. One of them is .#’, the second
one can be denoted by .#". On /', #' acts along rays and the axi-
symmetric group 4’ of .4 does not move .#", because it does not move
%, and commutes with . Thus, .#" must be of the type AC. We
compute the corresponding invariants. Clearly, A and R must be the
same as for .#’, because the metric in .#” is given by that of . At ¥,
the vectors L', M” on /4" are identical with n* and m'* of the pseudo-
orthonormal tetrad I, m', m'*, n', where I'=0,(L) and m* = 0,(M) ([10]).

Therefore

Vo L' =0’ m' ™ =Q it

2 The ana;lyticity in the conditions of the Theorem 6 could probably be completely
discarded, because the stationary electrovacuum space-times have been shown to be
analytic [12] (I am indebted to B. G. Schmidt for this remark).
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or

Qu=In";m" =—I, ;m*n'=-Q)
thus, B is the same as for .#'. Finally, @, changes only its sign under the
transformation [;—n;, m;—m;", so CM =Cy, D,.=D, +n But then,
M", together with all mmal data, is uniquely determined according to
Theorem 5 and we have a well-posed initial value problem for the Ein-
stein-Maxwell equations on the pair of null hypersurfaces .#" and .#".
In the analytic case [11], there is one and only one development, which
must, therefore, be ./Z, q.e.d.

Theorem 6 implies, e.g., that the space-time given by (9) is the only
axisymmetric and stationary one containing a horizon of type 2) of the
Theorem 4. Another interesting consequence of the Theorem is that the
total energy, total angular momentum and angular velocity of the black
hole corresponding to an AC horizon, which are defined as some global
functions on stationary axisymmetric asymptotically flat space-times
containing the hole [7], must be some functionals of the horizon variables
R, 4, B, C, D. The explicit form of these functionals would be of great
interest, but, unfortunately, the problem is not simple to solve.

We finish Section 3 by giving an example. The invariants R, A4, B, C, D
for the Kerr-Newman horizons with m? > a® + e? + h% h=0, ([16]) are
determined by the following parametric relations:

1 ™

=— [}/r*+a*cos’xdx,

T o
Bp) = 1 r? +a? r—m ¥
V=R Vr*+a*cos’y \r*+a*>  r*+a’cos’y

e . r—iacosy

)= — a5 Dlp)= —ilg| - 2EBP)
() 2+ a® cos? W) zg( r+iacosw)

1 ¥+ a?
r=mt)/m?*—a*—e*, A@p)=—|/ 55— siny .
- ) R | r*+a®cos*y v

4. Axial Symmetry and Translation (4 T -Horizons)

If the translation is generated by L= —a%—, the Eqgs. 1(31), I(32) must

be satisfied, and we have, in the frame L, M’,
L=L, M=M-+aQL:
Vi L=0, V., M=QL, V,L=QL,
VM =i"L—-TM, VyM*=pL+TM".
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Also, V5, ¥, and &,, the components of Weyl and Maxwell spinors
in the frame L, M’, must be independent of «. Using (28) with n=1,
¢ = —Qua, we obtain

Y,=9,-3Q" Y, a,
Y, =¥, —4Q ¥, . a+6Q" 2, o?, (44)

G, =P, —-2Q7 P, .

Then, 1(14) implies

MY¥Y,+ o M*®, =-3Q"Y,, (45)
M +T"+QNYY,+ o (M*+TF+Q%),
=3AV, 4240 @, —4Q" Wi+ 12Q7 2 Y, -,
M *®, =-20%9,. 47)

(46)

Applying the operator M™ on both sides of Eq. 1(32), using 1(12), I(31),
1(32) again, the first relation of I(15) and (47), we obtain (45). Similarly,
from 1(31), (45), (47), and (44), we derive Eq. L (46) [which results by
applying L on both sides of (46)]. Therefore, the only independent part
of (46) is what remains after setting « =0 in it

M*+TH+5QN)Ps+ o (MT+T" + Q)P
—(BY,+20] ¢,)A=0.

The same holds for 1(16), L(I(16)) being a consequence of (45), so there
remains

(48)

(M* + Q) g — (M —2I' + QA — Wy + &f &, =0. (49)

We observe that the quantities and the independent equations separate
into three groups:

I. The quantities I', Q, ¥,, @,
The equations: 1(31), 1(32), I(15), (47).
II. The quantities y,, A, ¥5, @5,
The equations: (48), (49).
ITII. The quantities ¥},
The equations: none.
If we find a set of these quantities satisfying all these equations, then
we have an AT-horizon. The equations of group I. can be solved

separately, because they contain only the quantities of group I. Keeping
such a solution I', Q, ¥,, @, fixed, the equations of graup II. turn out
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to be four linear differential equations of the first order for the eight
variables of group II. Thus, there will be a whole family of horizons with
fixed I', Q, ¥,, @,. Similarly, having fixed a solution of the group L
and II. equations, there will be some freedom in choosing ¥},.

The solution of the group I. equations is given by

Lemma 133, If the horizon 4 is axially symmetric and & has spherical
topology, all solutions of the group 1. equations form a three-parameter
Sfamily given by

1 1 A 1t t[F A
r=— - — Q=— —|— —ib— 50
3R A ]/ER(E lEz)’ (50)
1 E” ib AE —A'E
L A A CHE R
. . (51)
d>1=—zexpi(d—2bjAE'zdx>,
E 0
where
t 1t 2 5 2 2 2
o= e ;E(v)]/l——2v, b=—|—E®W)| v]/1—v*,
V2 R = " (52)

Il/\
H/\

l/

v, R, d being the parameters, and A(3), E(3) are defined by

i
SIS g ivenl, (53)

T

2 E() }/1—+2sin’(

:%ﬁﬁ/mda, 0s(<n; (54
0

E(v) is the complete elliptic integral

2
E(v)= [/t —v*sin*ada. (55)

A:

Reparametrizing
2

R (B Vet = 69

we recover the well-known expressions for the Kerr-Newman extreme
horizons [16] (m* = a* + e* + h?) with the electric and magnetic charges

e=]/2(m*+a*ccosd, h=]/2(m*+a?csind.

3 Similar results for the non-charged case have been obtained by J. Bardeen [17].
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Proof. The spherical topology and axial symmetry enable us to choose
the coordinates 3, ¢ exactly as in Section 3; 3, ¢ and o are well-defined
because the translation commutes with the axial symmetry. The metric
is then given by (30), which implies (31) and (32). On the other hand, Q
must have the form

Q E Q,=B
s= _E_’ 0= (9)7 (57)

where E(3) must satisfy the boundary conditions

E(0)=E'(n)=0, (58)
and can be normalized so that
E0)=1; (59)
0 t 1/0 0 0
L=—\ M=-— —|— +id '—|—a-Q—. (60
du’ 1/2R<as+’ é(p) * g €0
Finally, we set as in Section 3,
@, =Ce?. (61)
(32), [(19), (61), and I(15) yield
| . 1A
——2~(‘I/2+‘I’2)—C + 5 FT, (62)
(47), together with (61) and (60), implies
Q—_‘Lg _1_ _C;_i,_i“ g
- 2)/2 R C 2)2 R’
On the other hand, from (57), (60), and 1(21), we have
t t FE i 1 B
Q= — — — = 6
/2 R E )2 R 4° ©3)
or
C=cE? D=-24"'B (64)
where c is a real constant. Setting (60) and (63) in I(31) and 1(32) we have
A2 1 (AE , A*>  AE—AE
B=b-Tm. Ya= "F( AE TP F*’b"zsz—)’
E'— A 'AE —b*A*E 3 =0, (65)

where b is a real constant; (62) and (64) then imply
A" +2E ' AE 4202 APE * +2c*R*AE *=0. (66)
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Hence, the functions E(3) and A(3) must satisfy the Egs. (65) and (66)
supplemented by the boundary conditions

E(0)=1, A(0)=0, E'(0)=0,4'(0)=1, A 'A”, A"'E regularat 0, (67)
A(n)=0,E'(n)=0,A4'(n)= —1, A 'A", A"'E regularat m, (68)
¥,, @, I and Q being then given by (50) and (51).

General properties of the system (65), (66) can most clearly be seen
if we write it in the form

E=A4"1V,, A=AV, F=A"1'V,, G=A4"'V;,

where

Ve=AF, V,=AG,
Vi=FG+b*A3E™3, V;=24E 'FG+2b*A*E *+2c*R*A*E™*.
The integral curves of the vector field V in the space of all (E, 4, F, G)
are identical with_the integral curves of the original system up to a
parametrization. V' is analytic about the point P=(1,0,0,1) corre-
sponding to (67), so there is at least one analytic integral curve of V'
through P. But P is a zero point of V. Setting

E=1+¢eng, A=en,, F=e¢eng,, G=1+eng,

we have

Ve=0(?), Vy=n,-e+0EY), Vi=np-e+0E?), Ve=0(?),

hence, P is approached by a whole one-parametric family of integral
curves of V, the parameter being (because 4 >0 for $>0 at $=0)

!

(69)

We have, therefore, exactly one solution of (65), (66) satisfying (67) for a
fixed values of b, cR and f. We find all these solutions and then look to
see which of them satisfy (68).

Because (65), (66) do not contain 3 explicitly, we can choose E as a
new independent variable. (By this step, we could omit all solutions with
E = const, but we shall see that this is not the case here.) Then,

E'=p(E), E'=pp, A=q(E), A'=qp, A"={qp*+qpp,
the dot denoting E-derivative, and (65), (66) become
pp—p*q 'q—b*E"¢* =0,
P24 +ppg+2E 1 p2q+2b*E" 4 + 2c*R?E *q=0.
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The solution of the first equation under the condition }311111 —Z— =f1is

p*=E"2q’[(b* + f?)E* - b*]. (70)
Putting this into the second equation yields

E2[(b%+ f2)E? — b2]% + E[2(b* + f2)E? — b*]% + 4b>x + 4b*P2=0 (71)

R .
where x=¢% P = CT We assume b=+0. The case b=0 is simple to

deal with, but all the solutions obtained there are limiting cases of our
solutions. A general solution of (71) is

x=—P?>+Q,cos2¢+Q,sin2é,
_ b {
V/b*+ f? siné’
where ¢ is a parameter Q; and Q, some real constants. From E’=]/}

(setting E' = —]/y reduces to reversing the 3-axis), (70), (72), and (67),
we obtain

(72)

dy= — b de
b4 f? sin?é)/x
5 7 (73)
Hép)=0:siné)= —ee, =
(Col=0sinco l/m T
Because of =2 ]/-A/ ——, we have
dx 2b A’
AT T VST st )
2 .
therefore, x(&,) =0, d 7 (CO) — 5 and the general solution for the
initial conditions (67) is
x=20Qsin(& — &o) sin(Eo + 1o — &) (75)

where

1 P? . 1
0= ‘/P4+—b7, cosnoz—Q—, smz70=—~b§.
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Distinguish the cases

Lb>0: % 20, ™ <yoc0: x>0: &g+ no <& <o,

ad 2
x(&o +10)=x(Co)=0.

d
I1. b<0:—‘:- >0, 0<n0§1;x>0:éo<é<éo+no,

a9 2
x(&o) =x(Eo +10)=0.

In both cases, we must have &(n) = £, + 4, because of the first condition
of (68), or
b So+no dé
COpP+f? Y sin?é)/x -
The second condition of (68) is satisfied automatically. The third one
is in both cases equivalent to

(76)

b2
Now, dividing I and IT into subcases according as f =0, f <0,&,+1#,=0,

£y +10<0, a detailed analysis shows that all solutions can be found
under the subcase b <0, f <0. Then

sin® (&g + 1) = sin’ (o) = (77

3
n<fo<—na O<no=

T
5 ER n<o+no<2m

and (77) yields o =3n—2¢,, or m+ % s=éo<m+ 21, so b< f and

b2 _ f2
PP=Q—5—5.
Q b2 + f2
Solving this for P2, we obtain finally
. 1 fr=b? t f*+b?

b<f<0,

_ s Q=___ s
11) 2bf b 2bf 8)

b —f* 1 br4f?
x—? 2/ +F 3bf cos2¢.

Being given this special shape of x, we can greatly simplify all calculations
by introducing a new variable { defined by

b ! =]/1——-LsinC:E(C) 0={=n. (79
l/b2+f2 siné b2+f2 ’ = =
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Then,
__—f sinl 4§ ) —f
YT R TR T E R %0

and (76) reduces to
2———HE(V)=TC, (81)
b2+f2
—f {
=——  0<vZ—,
/b + f? =A
E(v) being given by (55). Equations (81) and (82) can be solved for b
and f, giving

where
(82)

2

b:—<iE(v)>2v 1 —v2, f=—(£E(v)> v,
n n

whereas the formulas (78) and (80) yield the rest of (52), (53) and (54), if
v>0. But the functions A4,({), E,({) and 3,({) have well-defined values
for v=0, too, which corresponds to b=0. Now, setting b=0 in the
original systems (65), (66), it is very easy to show that the only solution
of it satisfying (67), (68) is given by A,({), Eo({), 34({). Moreover, E = const
is a subcase of b=0, so Lemma 13 is shown.

It follows that any AT-horizon is characterized by well-defined
“Kerr-Newman” parameters a, ¢, h. From now on, we shall suppose
a, e, h fixed and turn our attention to the group II. quantities and equa-
tions. The main difficulty at this step is not solving the Eqgs. (48), (49) which
are rather trivial, but finding independent invariants describing the
degrees of freedom in these quantities. On A T-horizons, we can choose

ImM in the direction of P but there is no simple invariant manner
%

of prescribing the direction of Re M, while L is determined up to a

constant factor:
- L=yL, M=M+¢EL. (83)

Under this transformation, the group I. quantities remain invariant,
while the second group changes like this:

/1/=717'(1+M+é++2:+L2:++F+£++Q+€+)=
|
V= (W5 4387 7),
1 (84)
W= MET +ELET —TE +QE),

1
b= ;(¢2+2§+ D).
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Our way out of the difficulty is based on the observation that the
differences (44, Ap, A¥Y5, AP,) between two sets of these quantities
transform much more simply. We choose some standard horizons,
e.g. the extreme Kerr-Newman ones, and consider only the excesses of the
second group quantities over their standard values. This approach has
one more advantage that the resulting invariants measure the departure
from a well-known situation, being zero for Kerr-Newman horizons.
A correct performing of this simple program can be based on the
following

Lemma 14. Let (., 0) be a perfect horizon in a space-time M (see 1).
Then, for any autoparallel y on M parametrized by an affine parameter
1) =00y is a geodesic in 4 parametrized by an affine parameter,
2) Y=meoy is a geodesic in G parametrized by an affine parameter.
Moreover, if vy is not a ray, and coordinates B, s on n~*(3) are chosen

such that
0 0 5, 0
g(% ‘5‘5)— -1 g(ﬁ’ 53‘)“0

0 b
V) — =0, V, =0
a5 OB 2 OB

and the fields L, M on M such that, at 1~ '(}),

2
L=— M= —
ap ReM=5o

M tangential to the surface =0, then y satisfies the equation
a?B(y(s
—/2—?7()—) +Re?, - B(y(s)) +Re(uo+ 1) =0. (85)

Within the formalism of I, the proof is very simple and we omit it. Now,
choose a point p on the ray with 3=0, and a direction

do ds 1
ES__O’ Is T R’ ®=Qy (86)
at p (values of ¢ at 3 =0 describe directions rather than points). From

1
Lemma 14, it follows that ¢ = ¢, Z—f =X all along the autoparallel

Y0.p.0o determined by the initial data (86). Thus y, ,,, must intersect
the ray 3 = n. On the other hand, any two autoparallels Yo , 40, Y0, p, 00+ 40
intersect 3 =7 at the same point, say g, because their initial data are
transformed into each other by a rotation, therefore, so must the auto-
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o do )
parallels themselves. Moreover, if [ is the a-component Is of the unit
s
q

tangent vector to y, , ,, at 3 =7, then [ depends neither on p nor on ¢,
because )y, ,, 18 transformed into y, . by a combination of translation
and rotation [I does not depend even on whether the autoparallel starts
at 9=1 (), ,.»,) and | is measured at 3=0, as is easily computed from
(85), (50), (51), and I(22)]. On the other hand, under any rescaling of «,
[ is multiplied by a positive constant. Thus, a can always be rescaled in

such a way that either [=1, or =0, or [= —1; the cases /=1 and [= — 1
go over into each other by time inversion.
An example of an (a, e, h)-horizon with [=1 (I= —1) is the future

(past) extreme Kerr-Newman horizon (m?=a®+ e*+h?). The most
simple (= most symmetric) example of the /=0 case is constructed as
follows. The maximal extension of any 7y, ,, is a closed autoparallel.
The rotation surface & defined by it can be chosen to be totally auto-
parallel. Then, we have the maximal longitudinal symmetry: a group
generated by the translation and the collineation corresponding to .
Horizons of this type are fully described by three parameters a, e, h, and
they can be imbedded, under the conditions of Theorem 6, only in
space-times & x P2, where & is a space-like section of an extreme
(a, e, h)-Kerr-Newman horizon, m? =a*+e*+h* P2 is the pseudo-
sphere with signature zero, radius m and topology of R? and x denotes
the Cartesian product of two metric manifolds, analogously to the
spherically symmetric situation (this easily follows from the Theorem 6).
We choose these three examples as our standards.

Consider a horizon with /= 1. The scaling of the affine coordinate o
and the field L is fixed. Choose the origin of « at the rotation surface &
based on an autoparallel 7, , o, and the field M tangential to %, and
parallel-propagated along the rays. Any two such so-called canonical
coordinate systems are transformed into each other by means of a
translation and possibly $— 7 — 3. In any such triad field L, M we must
have

Impu,=0, Re(uo+4)=0, (87)

because 1) M is tangential to a surface « =0 and 2) =0, ¢ =const
is an autoparallel, so Lemma 14 implies the second identity. On the
other hand, the identities (87) imply that « =0, ¢ =const is an auto-
parallel and M is tangential to the surface o = 0, which, with the symmetry
of the horizon, implies the very same canonical system. Thus, (87) are
the only constraints on A and .

Given two (a, e, h)-horizons .#, & with =1 and some canonical
systems on them, there is a unique diffeomorphism vy : .# — .4 mapping
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the canonical system of .# into the canonical system of ./ Moreover,
any two such maps y,, p, differ at most by a horizon symmetry com-
bined possibly with 3 —» 7 — 3. That is to say, we can compare the group II.
quantities on .# and 4" by means of p. Choosing for A" the future Kerr-
Newman (a, ¢, h)-horizon, we can describe .# by the differences

Ao =w(o) = poxn,  AL=p(A) = ign .
Uo and / being the values for .# and KN denoting Kerr-Newman.
From (87) it follows
ImAp,=0, Im(4l+A4uy)=0,
so we have
Ad=A4,+id,, Auy=-—4,,

where 4,, 4, are two real functions of 3 determined up to 3—n— 9.
The 4,(9) are not completely arbitrary at the endpoints 3=0, §=m,
because, in a special coordinate system, they coincide with real and
imaginary part of a spin-weight-(—2)-quantity. Therefore
A41(0)=4,(0)=4,(n) = 4,(m)=0.

There are some more relations including derivatives; the best method
to incorporate them is to write 4, +i4, as a series in the spin weighted
harmonics [7].

The Egs. (48), (49) are linear homogeneous and they hold, therefore,
for the differences 44, 4uy, AV5 and 4P, as well. We obtain

, AP3? R A®? % T(x)dx
A(b2=g'—71/—2+——— Ni/2 [ 3727 7712
(@7) V2 (@N)'V? 5 AP (DY)
AV, =D APy —(M* + Q) A, —(M =2+ Q) (4, +i4,),
T(X)=0BW,+20] &,)(4,+id,)
+MT+TH+ Q)M +QNA,+(M =2 +Q)(4,+i4,)],

where g is a real constant. Summarizing: one parameter g and two
functions 4,(3), 4,(3) represent (up to the transform 3—n—9) all the
degrees of freedom in the second group quantities in case /=1. For
other cases, the results are similar. The group IIl. quantities contain
obviously another two functions of 3.
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