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Abstract

Geometric tools describing the structure of a null-like surface S (wave front)
are constructed. They are applied to analysis of interaction between a light-like
matter shell and the surrounding gravitational field. It is proved that the Einstein
tensor G%, describing such a situation may be written in terms of external curvature
of S. Conservation laws (Bianchi identities) for G are proved. Also geometry of
non-expanding horizons (surfaces surrounding black holes) is analyzed in terms of
the constructed tools. Possibility of application of these results to the problem of
motion of isolated objects in General Relativity is discussed.
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1 Introduction

Professor Roman S. Ingarden always taught us how to adapt modern differential
geometry to specific needs of theoretical physics. In the present paper we show to
what extend the notion of an extrinsic curvature may be generalized to the case of a
null-like hypersurface. Such surfaces arise in two important physical situations: 1)
they correspond to world-sheets of radiation-like matter-shells and 2) they describe
isolated event-horizons in the theory of black holes.
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Geometry of a hypersurface S C M in a Riemannian manifold (M, g) may be
described by two objects: the restriction g4, of the metric tensor to S (called its “first
fundamental form”) and the external curvature (called its “second fundamental
form”). For many purposes it is useful to represent the latter by the so called
Arnowitt-Deser-Misner momentum-density P%, (for purposes which will become
clear in the sequel we use the mixed contravariant-covariant representation). In a
pseudo-Riemannian (Lorentzian) manifold M, the analogous quantity may be easily
defined for any submanifold S whose first fundamental form is non-degenerate — see
[1] and [2]. This is not true if S is a wave front manifold. In this case the induced
metric is degenerate, and the standard construction of external curvature does not
make any sense because the inverse metric ¢? used in the construction does not
exist,.

The object P%, plays an important role in the theory of a self-gravitating matter-
shell — see [4], [5], [6]. Space-time M describing the shell is a union of two pieces
stitched along S in such a way that the metric g, is continuous and the connection
coefficients F;\W admit step discontinuities on S. Einstein tensor of such a space-
time contains derivatives of these discontinuities and, therefore, may be defined
only in the sense of distribution as G%, = G%Jdg, where dg is the Dirac’s delta
distribution concentrated on S and G%, is a three-dimensional tensor-density living
on S. Actually the following may be proved (see [7], [8] and [9]):

G = [P%] (1.1)

where the bracket denotes the jump of the value of the A. D. M. momentum be-
tween the two sides of S. The above singular Einstein tensor must be matched
by the singular (living on S) energy-momentum tensor of the matter shell. Due to
Gauss-Codazzi constraint, these objects must be conserved and the conservation law
VoG% = 0 may be written in terms of the three-dimensional covariant derivative
VonS.

In the present paper we show that the above construction may be generalized
to the case of a null-like world-surface S (a world-sheet of a light-like matter shell
— e. g. a short flash of radiation). Singular Einstein tensor is constructed and its
divergence with respect to the degenerate metric of S is uniquely defined. The
divergence is shown to vanish as a consequence of Gauss-Codazzi equations. “Hy-
drodynamics” of radiation-like matter, providing energy-momentum tensors whose
divergence vanish automatically, will be analyzed in the next paper.

Unlike in the case of a massive matter shell, the lower index of G%, cannot
be raised because of the degeneracy of the metric tensor g, and, consequently,
the corresponding covariant tensor density G® cannot be uniquely defined. This
corresponds to the fact that the “symmetric energy-momentum tensor” T of the
radiation-like matter, defined as a derivative of the matter Lagrangian with respect
to the metric, is not given uniquely, because the latter is subject to a constraint:
det g.p = 0. Hence, the derivative is defined only up to an additive term: derivative
of the constraint multiplied by an arbitrary Lagrange multiplier (in Section 5 we
analyze this non-uniqueness in detail). Nevertheless, as will be shown in the next



paper, the canonical energy-momentum tensor T%, of such a matter is well defined
and remains conserved as a consequence of Noether identities. Dynamics of the
shell is implied by the singular part of Einstein equations on S: G%, = 87T%,.

In the last Section we apply our construction to the theory of non-expanding
horizons. Geometry of a horizon is described by two, mutually conjugate objects: a
divergence-free vector-density A® (“first fundamental object”) and a gauge potential
wq (“second fundamental object”) which is subject to the gradient gauge transfor-
mations. Application of these objects to the dynamics of black holes is shortly
discussed.

2 Intrinsic geometry of a null hypersurface

A null hypersurface in a Lorentzian space-time M is a three-dimensional subman-
ifold S C M such that the restriction g, of the space-time metrics g,, to S is
degenerate.

We use here adapted coordinates: Cauchy surfaces V; corresponding to constant
value of the “time-like” coordinate z° = t are space-like and the 2 coordinate is
constant on S. Space coordinates will be labelled by &, = 1,2, 3; coordinates on S
will be labelled by a,b = 0, 1, 2; finally, coordinates on .S; := V;N.S will be labelled by
A, B =1,2. Space-time coordinates will be labelled by Greek characters «, 3, i, v.

The non-degeneracy of the space-time metric implies that the metric g4, on S
has signature (0,4, +). This means that there is a non-vanishing null-like vector
field X* on S, such that its four-dimensional embedding X* to M is orthogonal to
S. Consider integral curves of X*. We are going to prove that these curves, after a
suitable reparameterization, are geodesic curves of the space-time metric g,,. For
this purpose consider any smooth function ¢ with non-vanishing gradient, which is
constant on S and take any null-like vector field X* in a neighbourhood of S, which
coincides with X on S. Because X* is orthogonal to S, we conclude that X, is
proportional to the gradient of ¢:

XM = f@,/u (21)

where f does not vanish on S. Using the symmetry of the second covariant deriva-
tives: VAV, 0 =V, V¢, we obtain on S the following identity:

XAVAX, = @u(XP00f) + [XVaV,ue = @ (X 00 f) + fX IV, Ve
= (R0 + VLX) = (X0 e, + XV,
= (X0t VUK = (X0 log /)X, 2.2
This implies that the field X* := %X M is geodesic:
XAV, XHP=0. (2.3)

We conclude that the null hypersurface is always a collection of null-like geodesics.



On the other hand, the hypersurface S may be constructed if we only know initial
values for these geodesics: a space-like two-surface S; and a null-like vector field
XH(x) defined for x € S;. More precisely: there are exactly two null hypersurfaces
containing given S;. Indeed, chose any space-like Cauchy surface V; containing S;
and a three-coordinate system (z*) on it such that the coordinate x> is constant
on S;. At each point x € V; there are exactly two null-like directions orthogonal to
the two-surface {z3 = const}. Choose a non-vanishing vector X*(z) in one of these
directions and suppose that the dependence on z is smooth. There is a unique four-
coordinate system (z*) in a neighbourhood of V; satisfying the following conditions:

e coordinates z¥, k = 1,2, 3 are constant along geodesic lines starting from every
point z € V; in the direction X*(z),

e ¥ is a geodesic parameter along these lines and equals ¢ on V;.

In this coordinate system we have:

0

Because it is null-like, we have: 0 = g(X, X)) = ggo. Moreover, the geodesic condition

(2.3) reads:
0

90
These identities imply that

1
0=V =Tl = 59’”(291/0,0 —goow) =0 . (2.5)

0=0 (2.6)

along each geodesics. But we had initially:
0
0
a = t = y = s
gao(z” =1) =g (X (z) 83:“) 0

because X was orthogonal to surfaces {3 = const} (a = 1,2) and to itself (a = 0).
We conclude that g,0 = 0. Hence {23 = const} are null hypersurfaces.

Our construction shows that any null hypersurface S may always be embedded in
a 1-parameter congruence of null hypersurfaces {3 = const}. Moreover, coordinates
(z*) have been constructed in such a way, that the field (2.4) is a null geodesic field
in a neighbourhood of S.

For our purposes we will relax the latter condition and use an arbitrary coordi-
nate system, such that coordinate x> is constant along null hypersurfaces belonging
to the congruence. A general four-metric tensor fulfilling this requirement takes the
following form:

[ nny nA sM+mAny
I = nA 9AB ma , (2.7)
2
sM +m?Any ma (%) +mAma



and

(1)’ nt o mA s ]
N N? M M
= nA m4 zAB  pApB nAmB4mAnB n4 2.8
g N?T T ST — vt =S | (28)
A
S n
L w b e 0

where M > 0, s = £1, gap is the induced two-metric on surfaces {2° = const, 23 =

zAB . . . . . ~AB
const} and g is its inverse (contravariant) metric. Both g and gap are used to
rise and lower indices A, B = 1,2 of the two-vectors n and m*. Denoting

A= +/detgap , (2.9)

we have that /| det g, | = AM.

In this coordinate system the null direction on S may be spanned by the following
vector field X:

X =08y —nt9, , (2.10)
or 30
Xt = Z@ = Msg* . (2.11)
We have:
g(X,X)=g(X,04)=0. (2.12)

The triad (X,04) on S will be used in the sequel for various geometric construc-
tions. It depends upon a particular (2 + 1)-decomposition of S, given by the choice
of the time coordinate 2° on S. As we shall see, several objects constructed by
means of the triad will not depend upon this choice and will describe the geometry
of S. To prove this independence, observe that we have the following transformation
law:

= X, (2.13)
= CZoa+ fpX, (2.14)

U:JIINI

where (X , 53) is the new triad, corresponding to the new coordinate system (%)
on S. The coefficient ¢ may be obtained from the following equation:
oY 00

_ ~0 v _ A 0
1=(dz", X) = <ax—Ad$ —l-@daz,c)ﬂ

0z° ,  03°



hence,

0:0 0 ,\

On the other hand, equation (2.10) implies:

83 = — 04 + 5

A 0 0
_ <3”“"~ + 8?#‘) oa+ 2% x | (2.17)

hence,

8$A 81’0 A

CHA = =+ —nt, 2.18
B 0zB  9iB (2.18)
oz
S _ 2.19
fo = o (2.19)
Now, we are ready to prove that the following quantity:
A% = AXY . (2.20)

is an invariant vector density on .S, given uniquely by the structure of S and in-
dependent upon any choice of coordinates, even if the vector field X itself is not.
Indeed, the transformation law for gap:

945 =C{'Cqg(0a+ faX,08 + fpX) = C{'C9an , (2.21)

implies:

A=XdetC” . (2.22)
Hence, the transformation law for A reads:
AT =3X" = (detC ) AeX?
— det <8x~) a9 _ et (81’) Ao
9z oz od Oz

which is precisely the transformation law for vector densities. In the above formula
we have used the following algebraic identity, which we prove in the Appendix:

~0 =0\ ! A 0 a
cdet CBA = (833 - nAax> det <6m~ + Ou nA> = det (6m ) . (2.23)

D20 x4 ozB  9iB oz

In order to complete the triad (X,04) on S to a tetrad in M it is useful to choose
a transverse field Y fulfilling the following “normalization conditions”:

gV, X) = 1 (2.24)
9(Y,04) = 0. (2.25)



These equations do not determine Y uniquely, but modulo an additive term propor-
tional to X: a “gauge transformation”

Y Y +hX, (2.26)

with an arbitrary scalar field h is always possible. Extending coordinate z° from S
to a neighbourhood of S, we may choose the following, transverse field:

_ 5 A
Y=o (a?, m aA) . (2.27)
We stress, however, that this particular choice of Y, which we shall always use in
the sequel, depends not only upon a (2 + 1)-decomposition of S, but also on a
(34 1)-decomposition of M in a neighbourhood of S. Because of (2.12) and (2.25),
the vectors X and Y span the bundle of vectors normal to S.

The reader may easily check that the transformation law for Y, when passing
from one to another (2 + 1)-decomposition of S, reads:

Vo= (Y= k) +hX (2.28)

where the scalar field h is arbitrary (it is determined by the extension of the (24 1)-
decomposition of S to a (3 + 1)-decomposition of M), and the coefficients k are
uniquely determined by equation

f5=Cggack® (2.29)

with f5z given by (2.19). Despite of the freedom in choice of Y, some geometric
objects constructed with help of the tetrad (X,04,Y) do not depend upon this
choice and characterize only the geometry of S C M.

3 Extrinsic geometry of a null hypersurface

The covariant derivative of the field X along vectors tangent to S is orthogonal to
X and, therefore, tangent to S. Indeed, we have:

1
g(X7vaX) = 5 ag(X)X) = 0 )

and, consequently:

0
“Oxb
Equation (2.2) implies that the field X is an eigenvector of t*,. The corresponding

eigenvalue vanishes if and only if X is geodesic.
A (2+1)-decomposition of S allows us to split ¢°, into two parts:

VX = —t° (3.1)

lab = tcagcb = —9(8;,, VaX) = g(Vaab,X) = X“FM (3.2)

ab



and
Wq = tozz = 79(Ya vaX) = 7XHF20, . (33>

We note that both [, and w, are invariant with respect to any transformation
(2.26) because of the following formula:

g(Y+hX7vaX) = g(Y, vaX) .

Hence, they depend only upon a (2+1)-decomposition of S.
The matrix I, is symmetric, because of (3.2). It satisfies three identities

0= labXb = la0 — nBlaB )
implied by (2.2). Hence, we have: lgq = l4pn® and, consequently, lgo = lagninB.
The whole matrix t’, may be fully reconstructed from the three components of I4p
and three of w,. Namely, we have: t% = wp, t° 4 = wa. Moreover,

A ~*BA
th = (l()B - 7500903) g = (nClCB - wonB) g
*BC *BC
t9 = (ZAB - tOAQOB) g =(ap—wanp)g
The matrix l4;, may be expressed in terms of the Lie derivative along X of the
metric tensor g, on S. Because such a three-dimensional Lie derivative is equal to
the restriction of the four-dimensional Lie derivative of g,, to S, we have:

ﬁX (gab) = (EXg)ab = gacvac + gcbvaXc = 2gc(avb)‘xC = 29(8(17 va) P

or
lab = _%EXgab - (3.4)
This implies the following transformation law for the object l4:
Ly, = '—%ﬁx9@2=—%c(ﬁxg%5
= cl.;=cl bagf(j (%Ulj
ab a0 Hya OFb

It is not a tensorial transformation law, but combining it with the transformation
law for A and using identity (2.23) we obtain the following transformation law for
the object Qup := Algp:
0x® Ox?
B [
det C'5° Aclap 95 93
0x° 0z
= det ( x~> Qabi $~ .
dzd 9L 9t

We conclude that @)y is an intrinsic three-dimensional tensor density on S, in-

dependent upon a particular (2 + 1)-decomposition used. Because of (2.2), it is
“orthogonal” to X:

Qap = Nap

QabXb =0.



Let us denote by “||” a two-dimensional covariant derivative on each surface

{2° = const}, calculated with respect to the Levi-Civita connection of g45. Formula
(3.4) implies:

1
Qap = —5)\ <9AB,0 —n%apc —n" agcB — nC,BQAC)
1 .
= 5/\ (nA||B+nB||A—gAB) R (3.5)

and, consequently,

A

Qupi"” = Napi™” = N = —0,A% = —A + 04(An) | (3.6)

~AB
where [ :=lapg

Unfortunately, transformation laws for the object w,, implied by (2.13) and
(2.14) are not of tensorial character:

e = g (1 (v = k494) + hX, Va(cX))

c
1 1
=g (CY, cVaX> +g (CY,X> Vac+ g (hX,cVeX) 4+ g(hX,X) Ve

—g (k:AE)A, X) %Vac g (k:A(‘)A, vaX)
= wWq+ Ouip — kBl,p, (3.7)

where ¢ = logc and k4 are given by (2.29). Although this is not a tensorial
transformation law, we shall be able to use this object in a construction of further
tensorial objects on S.

4 Gauss-Codazzi Constraints

Similarly as for non-degenerate (e. g. space-like) hypersurfaces S, Einstein equations
imply constraints which must be fulfilled by the extrinsic curvature objects. In case
of a non-degenerate hypersurface there are four such constraints, corresponding to
components G2, = ¢*'G,, and G33 = g?’“QSVGW of Einstein equations. In the light-
like case there are only three independent constraints. Indeed, due to (2.11), the first
quantity is proportional to X°Gy,, whereas the latter is proportional to X*X°G
and, therefore, equal to linear combination of the first one. This corresponds to
the fact, that the vector orthogonal to S coincides with one of the tangent vectors.
We conclude that Gauss-Codazzi constraints are equivalent to the following three
equations:

GapX°XP = 8aTuX°X?, (4.1)
G.X® = 8rT,pX" (4.2)



As g X?* = 0, the above contractions with the Einstein tensor reduce to ones with
the Ricci tensor

IR X® = Rap X = Gp X = 87T, X .

We prove in the Appendix that equation (4.1) may be rewritten in terms of the
quantities I, and w, in the following way:

. 1 e
[ —no4l + (W X) 1 — 5z2 —"Blp = 87T X X" (4.3)
where we have decomposed [ 4p into its trace [ and its traceless part:

- 1

lap = lap — 5948l (4.4)
Moreover, we prove in the Appendix the following form of the second (“vector”)
constraint (4.2):

. - 1
wR — wB”AnA — wAn‘ﬁB — (waXa)HB —wpgl + lg”A — §l||B = —8nT,p X" (4.5)

In case of vacuum space-times the right-hand sides of both (4.3) and (4.5) vanish.

5 Energy-momentum tensor carried by a con-
nection discontinuity and Bianchi identities

Consider a space-time which is composed of two pieces stitched together along a
hypersurface S in such a way that the metric is continuous. We admit, however,
step discontinuities of its first derivatives across S.

Consequently, the Riemann tensor contains terms proportional to the Dirac dis-
tribution &(23), where (as usual) we denote by 2% any coordinate which is constant
on S. According to Einstein equations, we interpret these singular terms as the sin-
gular energy-momentum tensor carried by a matter which lives on S = {23 = const}.
We assume that the topology of S is equal to that of a world tube S? x R'. The
world tube of this “radiation-like” matter shell is a null hypersurface.

Theory of a self-gravitating matter shell was considered by many authors (see
e.g. [4] = [7]), but mainly in the context of a massive matter. For a light-like matter
(e.g. a short but strong flash of radiation) there are specific problems which we
want to discuss here.

The matter shell splits space-time into two parts: the interior and the exterior
of the tube S. Both parts fulfill separately vacuum Einstein equations in their
interiors. Hence, Einstein tensor vanishes outside of S. There remains, however, its
singular part, concentrated on S. It may be calculated from the Ricci tensor:

Ry = I, — 0T + a0, — Tp, Ty (5.1)

10



An important simplification is obtained, when we rewrite it in terms of the following
combinations of the Christoffel symbols (see [3]):

A A A TR
A, =T, — 0,0, - (5.2)
We have: )
R, = aAAjW - AQC,A,O;A + §A2)\A§U. (5.3)

Terms quadratic in A’s may have only step-like discontinuities. The derivatives
along S are thus bounded and belong to the regular part of the Ricci tensor, which
vanishes on both sides of S. The singular part of the Ricci tensor is obtained from
the transversal derivative (A = 3) only:

sing(Ruy) = 03A%, = 6(2*)[AD,] | (5.4)

where by d we denote the Dirac delta-distribution and by square brackets we denote
the jump of the value of the corresponding expression between the two sides of S.
Hence, Einstein tensor density reads:

6", = \/lol sing (B, — S 1) = d(a)G", (5.5)
where
B uo 1 af 3
GMV =AM 51/9# - i(slljg [Aaﬁ] (56)

is the three-dimensional quantity living on S, whose geometric character will be
discussed later. Now, we are going to prove the following identity:

G3,=0. (5.7)

For this purpose, on both sides of S C M we consider the following combination
of the connection coeflicients taken in any coordinate system, such that S = {$3 =
const }:

P, = Vgl (0%~ Aongal) = w69
where we have defined the tensor density:
= /lgl 9", (5.9)
and A’s are given by (5.2). We have:
G, =[P~ . (5.10)

Due to metricity of the connection, the following identities are satisfied on both
sides of S:

= Vor® = 9pn® 4 20373 — a¥Th = 0,0 4 2n A3 (5.11)
0 = V,rt =97+ W“ana + 7r3“FZa — W3“Fgu
= 9,3t 4 w0 A3, — 133 A3, (5.12)

11



where a,b = 0, 1,2 are coordinates on S. Because 7" are continuous across S, the
jump of these expressions between the two sides of S must vanish:

G3, = WS“[Aia] — f%[aﬂ%] =0, (5.13)
1/, 1 a
G33 _ -5 (ﬂ_ b[Aib} . 7r33[A§3]) — §[aa7r3 =0, (5.14)

which proves (5.7).

To encode the information contained in G*,, we could also use the symmetric
object G** = G* g"*. Due to (5.7), the entire information about G*, is carried by
the three-dimensional, symmetric object G2,

Unfortunately, this is not a tensor density, as will be seen in the sequel. Con-
sequently, also G#, is not. It depends upon the choice of coordinates used in the
calculations. Nevertheless, the information contained in G may be nicely divided
into an invariant, coordinate-independent part and the “gauge-dependent” part.
The first one is carried by the three-dimensional contravariant-covariant version of
G:

G = G"g, = G g . (5.15)
It will be shown in the sequel that this is a genuine three-dimensional tensor density

on S. Due to identity X%gq, = 0, it is orthogonal to X and symmetric after further
lowering of indices:

GyXx"=0, (5.16)
Gy = Gy, - (5.17)
It is easy to check that G% contains 5 independent entries. Actually, it may be

uniquely reconstructed from G°, (2 independent components) and the symmetric
two-dimensional matrix G z4p (3 independent components):

G4 = “Gep —niGYy, | (5.18)
G% = G%n?t, (5.19)
G’% = (éBCGCA — TLBGOA) nA . (520)

The correspondence between G% and (G°,, G 45) is one-to-one.

Reconstruction of G from G is impossible, or possible modulo an arbitrary
additive term fX*X°. Actually, let us assign to G% the following, symmetric
quantity:

48 = 59Gopg”" - n?G% 57" - nBa%5 ", (5.21)
FA = Gq% 57", (5.22)
F° .= 0. (5.23)
One may easily check the following formula:
G =F® 4 GWxex? (5.24)

12



The missing (i. e. not contained in G%) information about G is, therefore,
encoded in G%. Unlike G¢%, it is not invariant and depends upon the choice of
coordinates.

We are going to prove in the Appendix that Gauss-Codazzi constraints obtained
in the previous section imply that the “covariant divergence” of G% with respect
to the degenerate metric ggp:

1
0 = 0,GY — iGanac,b , (5.25)

must vanish. The formula above mimics the standard formula for the covariant
derivative V of a symmetric tensor density, taken with respect to the Levi-Civita
connection of a non-degenerate metric: V,G% = 9,G% — GoT,, = 0,G% —
%Gacgac,b. For our degenerate metric there is no Levi-Civita connection I' and
the rising of indices of G makes no sense. Nevertheless, the final formula is well
defined because the right-hand side of (5.25) does not depend upon any specific
reconstruction of G* from G%. Indeed, adding the term fX*X° to G does not
change anything, because of the following identity:

0= (X"X°Gac) i = XX Gacy + 2XGac X, = XX Gacy - (5.26)

The operator on the right-hand side of (5.25) may thus be called the (three-dimen-
sional) covariant derivative of G% on S with respect to its degenerate metric gqp:

_ 1 1

O = vaGab = 8aGab — QGacgaQb = 8aGab — EFanac’b (527)
| ~AC

= .G~ (ZGOA ny — Gacd ’,,) . (5.28)

Actually, we have proved that the above operation is well defined for tensor densities
4 on S fulfilling conditions (5.16) and (5.17).
The (2+1)-decomposition of (5.25) into the time and the space component gives
us its equivalent version:

_Y (e _ 0 A0 = AC 0o A
0=V,G%3 =0)G"g — (n G B)HA+ (g GCB)HA_G ANYB (5.29)
and AC +BD
0=V.,G% =g Gecpg lap +nPV,G% , (5.30)
which, if (5.29) is fulfilled, reduces to a purely algebraic equation:

~AC ~BD
0=g Gepg lap . (5.31)

The tensorial character of G% will be obvious if we calculate it in terms of
the jump of the “transverse curvature” w,. Due to formula (3.7), the object [w,]
transforms like an intrinsic three-dimensional covector living on the surface S: the
“gauge-like” terms in the transformation law are equal on both sides of S and,

13



therefore, cancel when we calculate the jump [w,]. We are going to prove the
following formula for G:
G = sA%wy] . (5.32)

For this purpose we first observe that the only non-vanishing discontinuities of Af’w
are A3, A3) and A3,. Indeed, using ¢ = 0 we may prove that [A3,] = 0 because
we have: Aib = I‘ib = g3“F#ab = ¢3“T'.qp. The latter object contains only the metric
components on S together with their derivatives along S, i. e. is equal on both sides
of S.

Hence, using (2.11) and (2.20), we have:

GY = AMgP[AL] = AMg®[Af] = sA[AB] (5.33)
But
3 1 3 a 1 3a 1 o
[Aps] = 5T — Tl = 597 Laze] — 59" [Cuva] - (5.34)

Because derivatives of g along S are continuous across S, we have [g,,..] = 0, and
the above expression reduces to

AB] = 56" (Pl ~ Pond) = 56% 9] = 50X loans] (53
= X% [Paup] = =X [T5] = X" [0 =lw] . (5.36)

which ends the proof of (5.32) because of (3.3).
The trace of G vanishes because of the following identity:

X%we] =0, (5.37)

which is an easy consequence of (5.35):
1
X“wa] = 59" XX [gaps] =0 , (5.38)

the last equation implied by (5.26), which is fulfilled on both sides of S.
Similar calculations lead to the following result:

G s, (5.39)

1
M
which proves that the object G given by (5.24) does not transform like a tensor
density on S. In other words, definition of G® is non-unique and depends upon
an arrangement of coordinates. When considering the complete theory of light-like
matter interacting with gravity, the above fact matches the non-uniqueness of the
definition of the symmetric energy-momentum tensor of the matter:

Tab ._ oL

- , 5.40
agab ( )
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where by L we denote matter Lagrangian-density. Indeed, a light-like matter im-
poses the constraint det g, = 0 on the geometry of its world surface. Consequently,
the derivative on the right-hand side of (5.40) is non-uniquely defined. Actually, we
may always add derivative of the constraint, multiplied by an arbitrary Lagrange
multiplier. This is precisely the term fX®X?, where X is a null vector of g,. On
the other hand, the canonical energy momentum tensor G is uniquely defined and
Einstein equations may be consistently written as G% = 87T%. These issues will
be discussed in the next paper.

We stress that identities (5.25) are more fundamental than vacuum FEinstein
equations used in our paper to prove them. Actually, they follow from the singular
version of the Bianchi identities, fulfilled for any space-time with continuous metric
and a step discontinuity of the connection. Written for the mixed (contravariant-
covariant) Einstein tensor-density, Bianchi identities read:

1
0=V, = 0,0 -G = 0.9 — Eg“Agmc
1
- 8agac - §gabgab,c . (541)

The regular part of this expression vanishes on both sides of S, as implied by
standard Bianchi identities. Let us calculate its singular part, proportional to dg.
First, we observe that applying the operator on the right-hand side of (5.41) to
the singular (5.5) part of the Einstein tensor, the Dirac delta is not differentiated,
because G3, = 0. This way we obtain the right-hand side of (5.25) multiplied by
ds. Another d-like term is obtained from 0,G*., when applied to the jump of the
regular part reg(G) of G. This way we obtain the term [reg(G)3.]ds. Finally, the
total singular part of the Bianchi identities reads:

1
[reg(g)?’c] + 8a(;’ac - §Gabgab,c =0. (542)

We are going to prove in the next paper that this is, indeed, a universal identity,
fulfilled for any space-time with continuous metric and a step discontinuity of the
connection across a hypersurface S. It is interesting that the proof is universal and
does not depend upon a specific (degenerate or non-degenerate) character of the
induced metric on S. The identity reduces to (5.25) for Einstein space-times, for
which the regular part of the Einstein tensor vanishes on both sides of S.

6 Non-expanding horizons

By an non-expanding horizon in a vacuum Einstein space-time M we mean a null
hypersurface S for which the density A is divergence-free:

A =0 . (6.1)

Due to (3.6), this is equivalent to I = 0 (cf. [10]). Vacuum Einstein equations (4.3)
imply, that also [4p must vanish. We have, therefore, [,; = 0 or, consequently,

EXgab =0. (62)
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This means that the geometry of S is “static”. More precisely, .S is an affine line
bundle 7 : S — B over a base manifold B. Usually, it is assumed that B is
topologically isomorphic to a sphere S2. Fibers of S are integral lines of X and
their affine structure is implied by the fact that they are null-geodesic lines in M.
The base manifold B is equipped with a Riemannian two-metric tensor v4p, and
the degenerate metric g, on the fiber manifold is simply the pull back of y45 from
B to S:

g=m7.
The external curvature object w, also acquires a nice interpretation, because
transformation law (3.7) reduces to a pure “gauge transformation”:

Wg = Wq+ 0up. (6.3)

The divergence-free vector density A and the gauge field w are mutually conjugate
objects, describing boundary data for the gravitational field on .S. Both carry two
degrees of freedom. These are degrees of freedom of a black hole (or a “white hole”
— depending upon a sign of s), interacting with an external gravitational field. In
our opinion, analysis of the mixed “boundary value + initial value” problem for the
field outside of S might give a deep insight into the problem of motion in General
Relativity, where the elementary objects (“particles”) are black holes. They play
the same role as point particles in electrodynamics, and may be used to model the
behaviour of heavy objects (like stars or galaxies) in situations, where the internal
structure of the object seems to be irrelevant and only “external properties” (e.g. the
total mass, the total angular momentum or the total electric charge of a particle
in electrodynamics) are taken into account. In fact, information contained in the
boundary data A and w on S plays role of these “external properties” of a black
hole. Consequently, its equations of motion should be obtained by solving the
Cauchy problem for the gravitational field. In particular, static situations of that
type describe what is usually called “thermodynamics of black holes”. These issues
will be discussed in the next paper.

Let us notice, that the field w, is also “purely static” (of course, only modulo
gauge transformations (6.3)). Indeed, in a coordinate system compatible with the
bundle structure of 7 : S — B, (i. e. such that n = 0) equation (4.5) reduces to:

wp = 0w, X?) ,

which is a pure gauge term. Using affine coordinates in each fiber, the term w, X®
is gauged out and we obtain wg = 0, together with wg = 0.

Since the conformal structure contained in g4p is always isomorphic to that of
52, we may further “standardize” the information about geometry of the horizon S,
choosing such coordinates for which gap = fhap (by hap we denote the standard
metric tensor on a unit sphere). There remains a three-parameter family of con-
formal transformation of the unit sphere (boost transformations of the black hole),
preserving the above gauge condition. This freedom may be used to further spec-
ification of the gauge condition: vanishing of the dipole moment of f. Moreover,
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using a two-dimensional (time independent) gauge ¢ = (z*) in (6.3) (i. e. changing
the affine scale in each fiber over B independently), we may kill the longitudinal
degree of freedom in wy. This means that the condition d4(v/det h hABwB) =0
or, equivalently,

wa = eap W00 | (6.4)

may always be imposed. Subtracting an irrelevant constant from ), we may anni-
hilate its monopole moment. Hence, the entire information about the pair (A%, wy)
(i. e. about “external” properties of the hole) is carried by two functions defined
on the unit sphere S?: the dipole-free functionf and the monopole-free function 1/,
where A? = fv/deth, A4 = 0, wg = 0 and w, is given by (6.4). The monopole part
of f corresponds to the total mass of the hole and the dipole part of 1 describes its
total angular momentum.

In dynamical situations, it is often necessary to relax the above gauge conditions
and to allow A* and w, to be time-dependent, to contain non-vanishing longitudinal
part etc. But the gauge-invariant information about the black hole may always be
retrieved from two functions: det g4 and e*Bo wp.

Appendix
Proof of identity (2.23)

To prove identity (2.23) consider matrix A%; := % and its inverse BY, = afz. Put

NO =0 and N4 = n?. Define the following matrices:

- 0
Cag = Aal;—l-NaA B

and

Db, .= Bb, — Bb N80 .
It is easy to check that C' and D are mutually inverse. On the other hand, deter-
minants of A and C are equal. Hence:

det A = det C' = det(C* 5)(D%) ",

which ends the proof.

Proof of Gauss-Codazzi constraint

For any tensorial expression A, formulae (2.7) and (2.8) imply the following de-
composition:

~AB 1
9" A, =G Aap+ XAL+ XA, + mXCXdAcd : (6.1)
Hence,
KA ~AB cp0 c 0 1 cyd
9" Rraxo = 9 Raapy + X Boep + X Rea s + 175 XX Reaan (6.2)
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and due to symmetries of the Riemann tensor:
RapX® = 5" Rpapy X + X°RY,, X | (6.3)
Scalar constraint (4.1) is obtained by further contraction of (6.3) with X:
RupX°X® = 5P Ruapp XX . (6.4)

Riemann tensor may be written in the following way:

1
Raapy = 3 (9bA,aB + 9aBbA — 9AB,ab — Yab,AB)
9w (ol — ThlE) - (6.5)

Using identity (6.1) we obtain:
T sT, XX = 7 T pay X T ppa X (6.6)
and, consequently:
g (Th Ty — T T% p) X X°
= §ED (Tral'pBa — TpaBT Bap) XX 4+ w, X ap . (6.7)

Moreover, one can check the following “internal” identity on S:

~AB [1 =ED
9|5 (®aas + gappa — 9aBab — Jabap) + 9 (Peasl'DBa — paBL Ead) xXex®
~ED ~AB
=X%4—g lealpBg (6.8)
Consequently, expression (6.4) reads:
~AB ~EDzAB
0 RaapaX X = w, X 1+ X0—§ g lpalpp - (6.9)
Substituting the above into (4.1), we obtain (4.3).
To prove formula (4.2), we use again (6.3) in the following configuration:
R p X" = 5" RogapX® + R p XX | (6.10)

and use expansion (6.5). This gives us:

1
RaapX® = 3 (9AD,Ba — 9AB,Da + 9aB,DA — YaD,AB) X“

~EF
+7  (Tral'EaDp —Trpal'EaB) X+ wplap —wplap. (6.11)
Similarly as in (6.8), we obtain

1

3 (94D,Ba — 9AB,Da + 9aB,DA — YaD,AB) X“

~EF
+9  X°(Trpal'EAD —Trpal'EAB) = lAB||D — lAD||B , (6.12)

18



which implies:
RaappX® =lap|p — lap|B + wplap — wBlAD - (6.13)

Similarly, the second term in expression (6.10) may be rewritten as:

RypXX® = (FgD,b ~Tapp +Tillp — Fﬁpfﬁb) xox®

~AB
= (wayp—wD,a) Xa+wAg gD . (6.14)

Substituting this expression into (4.2), we obtain (4.5).

Proof of identity (5.28)

To prove (5.28) or, equivalently, (5.29) and (5.30), observe that for G%, = sAX*[wp]
we have:
Gap=0 GY =s\wg].

This implies that (5.31) is automatically fulfilled. To prove (5.29), we observe that:

0=5VaG's = d\ws]) — (Wfws]) = ANwaln? s

1A
~ A {—l[wB] + 8o[wp] — n[wp]ja — [wA]nAHB} (6.15)

is equivalent to the jump of (4.5) between the two sides of S. On the other hand,
the jump of (4.3) vanishes identically, which ends the proof.
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