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Abstract

The isolated horizon framework is applied to numerical relativity. This framework
describes black holes which are in equilibrium in a spacetime which is otherwise fully
dynamical. We introduce isolated horizons in a way which is directly applicable in
numerical evolutions. In particular, we present and numerically implement a coordinate
invariant method for calculating the mass and angular momentum of isolated horizons.
We also show how isolated horizons can be used to study the local geometry of a black
hole and extract invariant gravitational waveforms. We apply some results from the
isolated horizon framework to calculate the binding energy between two black holes.
This will be useful in comparing different initial data sets which represent similar physical
situations. Finally, we also present a method for studying the physics of dynamical black
holes. In particular, we derive balance laws relating the flux of matter fields/radiation
with the change in the physical parameters of the black hole such as angular momentum

and mass.
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Chapter 1

Motivation

The last few years have seen many promising developments in simulations of
black hole spacetimes in numerical relativity. The stability of numerical codes has seen
steadily improving and it quite likely that we will very soon be able to answer important
physical questions in regimes where the physical processes are highly dynamical and the
gravitational field very strong. However, by its very nature, a numerical simulation of
a spacetime is always tied down to a particular choice of coordinates, gauge conditions,
dynamical variables etc. and it is often a non-trivial task to extract physics from a
numerical evolution. This is especially true in dynamical situations where our intuition
gained from idealized solutions involving the Kerr black hole is usually not directly
applicable.

Historically, for very good reasons, most attention in mathematical relativity has
focussed on idealized situations such as globally stationary spacetimes and has used con-
cepts such as event horizons. This approach has led to many seminal results in black hole
physics such as the laws of black hole mechanics, asymptotic properties of spacetimes,
the uniqueness theorems etc. However, many of the techniques and results from these
studies are not directly applicable to numerical evolutions. For example, consider the
commonly used concept of an event horizon. An event horizon is a teleological notion:
it can be constructed only after we have full knowledge of the spacetime and very often,
due to practical limitations one cannot evolve all the way to future null infinity. It is
therefore usually not feasible to find the event horizon numerically; almost all numerical
simulations use the notion of apparent horizons which can be located on a single spatial
slice. Similarly, the spacetimes we would like to study numerically are not the ones
which have stationary or axial Killing vectors. Therefore, the definitions of conserved
quantities such as mass and angular momentum in these idealized spacetimes cannot
be carried over directly to more general situations. Yet another example is the study
of gravitational radiation: the notion of null infinity is ideally suited for analytically

studying the gravitational radiation waveforms and physical quantities such as the rate



of energy loss from a system. In numerical simulations, as mentioned earlier, it is usu-
ally not feasible evolve all the way to null infinity. Therefore, how should one extract
gravitational radiation waveforms etc. invariantly from a completely general numerical
evolution?

In order to address these questions, it is desirable to have a framework that
combines the properties of apparent horizons with the powerful tools available at infinity.
In the regime when the black hole is isolated in an otherwise dynamical spacetime, such
a framework now exists in the form of isolated horizons [1, 2, 3, 4, 5]. In numerical
simulations of, say, black hole collisions, the black hole would be isolated at early times
when the black holes are well separated, or at late times when the final black hole has
settled down, but radiation is still present in the spacetime. The aim of this thesis is to
introduce the isolated horizon framework in a way that is directly useful in numerical
relativity and implement some of the important results of this framework numerically.

An important part of this thesis is the computation of mass (Mp) and angular
momentum (JA ) of an isolated black hole. One way to attribute a mass and an angular
momentum to a black hole is to calculate the corresponding ADM quantities at infinity.
The main difficulty is that the ADM mass and angular momentum refer to the whole
spacetime. In a dynamical situation, such a spacetime will contain gravitational radiation
and it is not clear how much of the mass or angular momentum should be attributed
to the black hole itself and, if there is more than one black hole, to each individual
black hole. Isolated horizons provide a way to identify a black hole quasi-locally, and
allow for the calculation of mass and angular momentum. We show how to find isolated
horizons numerically, and how to implement the isolated horizon formulae for JA and
MA . We will show that one can just use the ADM formula for angular momentum but
now applied at the apparent horizon. This is not an assumption, but a rigorous result
obtained by calculating the Hamiltonian generating diffeomorphisms which reduce to
rotational symmetries on the isolated horizon. This is completely analogous to what
is done at infinity to obtain the ADM formulae for mass and angular momentum for
asymptotically flat spacetimes. Indeed, the Hamiltonian analysis of isolated horizons is
an extension of the ADM formalism to the case where the region of spacetime under
consideration has an inner boundary in the form of an isolated horizon. The isolated
horizon results for Jo and Ma are also convenient for practical reasons because their
expressions only involve data defined on the apparent horizon. An important ingredient

in the formula for JA is an axial symmetry vector on the apparent horizon. Therefore



3

we also present and implement a numerical method for locating Killing vectors on the
horizon.

Isolated horizons can also be used to study the local geometry of a black hole
and extract dynamical information from the strong field region. This is done by con-
structing a preferred local coordinate system and null tetrad in a neighborhood of the
horizon. The construction of this coordinate system is analogous to the construction of
the Bondi coordinates near null infinity. The preferred null tetrad can be used to com-
pute gravitational waveforms invariantly and it also enables us to compare the results of
two different simulations using different coordinate systems, different initial conditions
etc. We implement some of these ideas numerically.

Another potential application is in the construction of initial data sets for the
binary black hole problem representing astrophysically interesting situations. We would
like to model two black holes very far away from each other and having prescribed
values of spin, mass, momentum etc. Since the two black holes are isolated, we expect
the isolated horizon framework to be well suited to study them.

While isolated horizons have let to very important results in both the classical
and quantum aspects of black hole physics, we eventually want to understand black holes
in the fully dynamical regime. In particular, we would like to define black hole angular
momentum, mass etc. in these situations and also describe how these physical quantities
change when matter or radiation falls into the black hole. While this seems like a very
difficult problem, it turns out that significant progress can be made by studying the
constraint equations on the world tube of apparent horizons. This approach leads to
a balance law for the black hole energy in the general case when the horizon has no
symmetries, is arbitrarily distorted and arbitrary amounts of matter and radiation are
crossing the horizon. We get equally general results for angular momentum except that
we need the horizon to be axisymmetric in order to define angular momentum. Unlike
in the analysis of isolated horizons, these results are based on geometric identities on the
world tube of apparent horizons and not on a Hamiltonian formulation.

The rest of this thesis is organized as follows. Chapter 2 gives the relevant defi-
nitions of isolated horizons and describes their geometrical properties. In particular we
give the formulae for M and Ja and briefly outline the Hamiltonian analysis used to
define them. This chapter is mostly based on [3, 4]. In chapter 3 we first describe how
isolated horizons can be identified in a numerical evolution and implement the formulae
for M and JA numerically. The computation of JA requires us to locate a symme-

try vector field on the horizon; a method of calculating symmetry vectors is described
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and numerically implemented. This chapter is based on work in collaboration with Olaf
Dreyer, Eric Schnetter and Deirdre Shoemaker [6]. Chapter 4 implements a method of
finding a preferred null normal and a preferred foliation on the horizon. The method of
finding the null normal is based on results obtained in [5] and the numerical implementa-
tion is in collaboration with Ken Smith. The results regarding the preferred foliations of
the horizon are due to Jerzy Lewandowski and Tomasz Pawlowski. Chapter 5 discusses
the application of isolated horizon ideas for studying binding energy in initial data using
the Brill-Lindquist data as a test case. Chapter 6 is an attempt to study black holes
in dynamical situations. The aim of this chapter is to obtain balance equations for the
change in angular momentum and energy due to flux of radiation or matter fields across
the horizon. Appendix A is a brief summary of the relevant parts of the Newman Pen-
rose formalism; in particular we give the definitions of the curvature scalars and describe
their transformation properties under tetrad transformations. Appendix B discusses the
location of the apparent horizon in the Brill-Lindquist initial data describing two black
holes. We obtain the location of the apparent horizon perturbatively in powers of m/d
where m is the mass of the individual black hole(s) and d is the distance between them.
This result is used in chapter 5. In appendix C, we give an exact solution found by Ernst
describing a black hole immersed in a magnetic field. This example, is used in chapter
3 to demonstrate that the great-circle method of calculating angular momentum is not
applicable in general.

Throughout this thesis, the spacetime metric is taken to have signature (—, +, 4, +),
and we mostly use geometrical units where G and ¢ are equal to unity. We will usually
use the abstract index notation, but occasionally, especially for differential forms, the
index free notation will also be used. The spacetime manifold will be denoted by M, the
Lorentzian spacetime metric by g,; and V, is the derivative operator compatible with
9qb- The Riemann tensor Rabcd will be defined by the equation QV[aVb} o, = Rabcdad

where o, is an arbitrary co-vector. All manifolds and fields will be taken to be smooth.



Chapter 2

Isolated Horizons

This chapter describes the main results of the isolated horizon framework. Section
2.1 gives the basic definition and describes the relation between isolated and apparent
horizons; this section is based on [6]. Section 2.2 describes the intrinsic geometry of non-
expanding horizons. In particular, it discusses the induced metric, extrinsic curvature,
surface gravity etc. of a non-expanding horizon; this section is mostly based on [3].
Section 2.3 describes the additional conditions that must be imposed on non-expanding
horizons to study the mechanics of isolated horizons; this section is based on [3, 4,
5]. Finally, section 2.4 uses these additional conditions to define mass and angular
momentum for isolated horizons. In this section, only the basic results and conceptual
ideas are given; we refer the reader to [2, 3, 4] for details regarding isolated horizon

mechanics.

2.1 Non-expanding horizons and apparent horizons

In this section we introduce non-expanding horizons (NEH). In order to motivate
the definition from the perspective of numerical relativity, we also describe the close
connection between apparent horizons (AH) and non-expanding horizons.

For completeness and to fix notation, let us start by reviewing the definition of
apparent horizons. Let N% be the unit timelike vector field orthogonal to a spatial slice
3. Given a closed two-surface S C ¥, we have the unique unit outward-pointing spacelike
normal R, which is tangent to X. Let g, be the induced Riemannian two-metric on S
and €, the area two-form on S constructed from g,;. We can construct a convenient
basis for performing calculations at points of S in a natural way (see figure 2.1). First,

define the outgoing and ingoing null vectors

a__i a @y and n% = —(T% _ R%
(1= ST+ R and n® (T" — RY). (2.1)

It is worth noting that any spacelike two-surface S determines uniquely, up to rescalings,

two null vectors orthogonal to S. Any other choice of ¢ and n will differ from the one
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made in equation (2.1) only by possible rescalings. We tie together the scalings of ¢ and
n by requiring £-n = —1.
Next, given two arbitrarily chosen spacelike orthonormal vectors e and e9 tangent

to .S, construct a complex null vector

m = —(eq +ieg). (2.2)

N

It satisfies the relations m -m =0, m-m=1,¢-m =0, and n-m = 0. Since ¢ and
n satisfy £ -n = —1, we see that (¢,n, m,m) form a null tetrad at S. This is, of course,
only one possible choice of null tetrad, and we must ensure that physical results are
independent of this choice. The expansions of % and n® are defined as 0(6) = aabvazb
and H(n) = @abVanb, respectively. Note that in order to find the expansions, we only
need derivatives of ¢ and n along S, and there is no need to extend the null tetrad into
the full spacetime. However, if in some numerical computations it is necessary to extend
the null tetrad smoothly into the full spacetime; all calculations will be insensitive to
this extension. The surface S is said to be an apparent horizon if it is the outermost
outer-marginally-trapped-surface, i.e. it is the outermost surface on ¥ with 9( 0= 0 and
O(n) <O

Consider now the world tube of apparent horizons H constructed by stacking
together the apparent horizons on different spatial slices. As we shall show later in
section 3.1, this world tube is generically spacelike; it is null when no matter or radiation
is falling into the black hole. At late times, one expects the black hole to reach equilibrium
when radiation and matter are no longer crossing the horizon. In this regime, the
world tube H will be a null surface, and the two-metric g,; on the apparent horizon
S may now be used to construct a degenerate three-metric ¢,; on the null surface H.
Furthermore, from experience with numerical simulations and also from very general
topological censorship results (see e.g. [7]), we know that at late times, the apparent
horizons must have spherical topology. Therefore, at late times, the topology of H is
S? x T. Finally, in this regime, the outward-normal ¢ constructed in equation (2.1) is
a null normal to the world tube H, and most importantly, from the definition of an
apparent horizon, the outward normal ¢ is always expansion free.

We will now argue that the isolated horizon framework is ideally suited to de-
scribe apparent horizons in the regime when the world tube H is null. For our purposes,
the straightforward definition of a non-expanding horizon given below shall suffice. To

carry out the Hamiltonian analysis in order to define mass and angular momentum, we



Fig. 2.1. The figure shows an apparent horizon S embedded in a spatial slice ¥. T% is the unit
timelike normal to ¥ and R® is the outward pointing unit spatial normal to S in X; ¢% and n®
are the outgoing and ingoing null vectors, respectively. The vector m® (not shown in the figure)
is tangent to S. H is the world tube of apparent horizons.
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actually need to impose further conditions on non-expanding horizons, which we shall
briefly describe towards the end of this section. The formulae for mass and angular

momentum make sense even on non-expanding horizons.

Definition: A three dimensional sub-manifold A of a space-time (M, g,;) is said to be

a non-expanding horizon (NEH) if it satisfies the following conditions:
(i) A is topologically S? x T and null where 7 is an interval on the real line;

(ii) The expansion 9(6) = q“bvaeb of ¢ vanishes on A, where / is any null normal to A

and g, is the degenerate metric on A;
(iii) All equations of motion hold at A.

Note that if condition (ii) holds for one null normal ¢, then it holds for all. We will only
consider those null normals which are nowhere vanishing and future directed. We are
therefore allowed to rescale ¢ by any positive-definite function. If any matter fields are
present with 7, as the stress energy tensor, we also require that —1; gﬁb is future directed
and causal for any future directed null normal ¢. This energy condition is implied e.g.
by the null energy condition which is commonly assumed.

Comparing the properties of the world tube H described earlier with conditions
(i) and (ii) in the definition, we see that the NEH is precisely what we need to model
the physical situation at hand; when the black hole is approximately isolated, the world
tube H represents a non-expanding-horizon A. The motivation behind the conditions in
the definition are thus rather straightforward from the perspective of apparent horizons.

Every spherical cross-section of A can be thought of as arising from the intersec-
tion of a spatial slice ¥ with A. Such a cross-section is essentially an apparent horizon,
because, as we just saw, the conditions in the above definition capture the essential prop-
erties of apparent horizons. A NEH is a notion in the full four-dimensional spacetime
and does not refer to a time slicing in any way. If we were to choose another spatial
slice 3, then the apparent horizon would simply be a different cross-section of A. We
are assuming here that ¥ is not very different from ¥, otherwise it might happen that
there are no apparent horizons on f], or the apparent horizon may jump discontinuously
from ¥ to 3. We require that the apparent horizons on ¥ and ¥ lie on the same smooth
null world-tube of apparent horizons.

There are however two differences between apparent horizons and cross sections

of A: (i) Apparent horizons are required to be the outermost surfaces on a spatial slice
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with the afore-mentioned properties. This is not true in general for cross sections of
A; (ii) Since they are trapped surfaces, apparent horizons also satisfy the condition
0(n) < 0. Though this will most likely be true in actual numerical simulations, it turns
out that this condition is not required to study the mechanics of isolated horizons. In
fact, there exist exact solutions representing black holes which are isolated horizons but
do not satisfy 9(n) < 0, e.g., the distorted black holes studied by Geroch and Hartle [8].
In these solutions the integral of G(H) over a cross section of the horizon is still negative
even though Q(n) is not necessarily negative everywhere. In the remainder of this thesis,
we shall ignore these caveats and the phrases ‘apparent horizon’” and ‘cross-section of A’

will be used interchangeably.

2.2 Geometry of a non-expanding horizon

Although the conditions in the definition are quite weak, they have surpris-
ingly rich consequences. While stating the results, it is convenient to use a null-tetrad
(¢,n, m,m) which is adapted to the horizon; this means that ¢ is a (future directed) null
normal to A. An example of such a null-tetrad is the one constructed in equations (2.1)
and (2.2) but there is of course, an infinity of such tetrads. Physical quantities will be

independent of which null-tetrad we choose.

2.2.1 Surface gravity and area

Definition of w, and surface gravity: Any null normal /¢ is expansion free and by
definition. It is also automatically twist free because it is normal to a smooth surface.
To show that the shear o) = mambvaﬁb also vanishes, use the Raychaudhuri equation
for ¢:

0=—L g 2 o) + Ropt“" (2.3)

where we have used the fact that £ is automatically twist free and the symbol * £’ means
that the equality holds only at points of A. From the energy condition it follows that
Rabfafb = 87rGTab€a€b > 0. Since |O‘(€)|2 is also positive, it follows from (2.3) that

Ryt =0 and oy =0. (2.4)
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Since £ is expansion, shear and twist free, it follows that there must exist a one-form
wc(f) associated with £ such that

b a (@)gb

ng =w, (2.5)

where and arrow under a covariant index indicates the pullback of that index to A.

Contracting this equation with ¢* we see that any null normal / is also geodetic

a b a (0),b b
Ol = 0% = s 0 (2.6)
where K(p) = an((f) is the surface gravity of A associate with the null normal ¢. The
1-form w will play an important role throughout this paper. It has an interesting geo-
metrical interpretation. We can regard w as a connection on the line bundle T’ AL over A
whose fibers are the 1-dimensional null normals to A. Under the rescalings ¢ — ¢ = f¥,

of the null normal ¢, it transforms via:
Wy Wy =w, +V, Inf. (2.7)

and surface gravity transforms as

g/
/-Q@/) = flawC(L ) = fﬁ(g) +Lyf (2.8)
From (2.5) we also get
LoGap = Legap = 2Valp = 0. (2.9)

Thus, every null normal £ is a ‘Killing field” of the degenerate metric on A. Although ¢
is a ‘Killing field’ of the intrinsic horizon geometry, the space-time metric g,; need not
admit a Killing field in any neighborhood of A. Robinson-Trautman metrics [9] provide
explicit examples of this type.

Area two-form and the base space: The base space A associated with a NEH A is the
space of integral curves of the null normals of A. It is obtaining by defining an equivalence
relation on A which says that two points of A belong to the same equivalence class if
they lie on the same null geodesic on A. We can thus define a projection 7 : A — A
which maps a point on A to the geodesic on which it lies (see figure 2.2).

Every vector field X tangent to A satisfying £ )X £ 0 is projected to a vector
X = 7, (X) and every co-vector 7 on A is pulled back to a covector i := 7* () which

: a JAN A .
satisfies £"n, = 0 and Ln = 0. Conversely, every covariant tensor ¢, L9, defined
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projection
s

>>

SZ

Fig. 2.2. Projective geometry of A. The space of integral curves of /£ is A and 7 is the projection
mapping.

intrinsically on A can be projected to yield a tensor on A if and only if the contraction
of £* with any of the indices of ¢, Lag...a, yields zero. There are also certain four-
dimensional tensors which can be projected to A, but we shall not need them in this
thesis.

In particular, the degenerate metric g, can be projected to yield a non-degenerate
Riemannian metric ¢,; on A. Associated with qyup is a unique area two-form 2€ab on
A which, when pulled back to A gives a two-form 26ab which satisfies £ Qeab £ 0 and
£€2€ab = 0. The area of the NEH is then defined to be Ap := [ % where S is any cross

section of A. The value of A is independent of which S we choose.

2.2.2 Derivative operator and extrinsic curvature of A

In the study of differential geometry with non-degenerate metrics, one of the basic
results is the existence of a unique connection (or equivalently, a derivative operator).
On our case, we have a manifold A with a degenerate metric g,;. To what extent does
qgp fix a derivative operator? To answer this question, let D, be a torsion-free derivative

operator compatible with g, : D, qp. £0; let 9, be a fiducial torsion-free flat derivative
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operator. There must then exist a tensor Cgc such that for any one-form 7),:
Danp = 0gp + C(Clbnc : (2.10)

Let us now try to repeat the standard proof which shows that Cl?c exists and is unique

in the non-degenerate case (see e.g. [10]). Since D, is compatible with g, we get

d d
0= Dydpe = 0yl + Cachd + Cacqbd : (2.11)

permuting indices and taking appropriate linear combinations, we get
ot G 5 2.12
abldec = 5( dab — Oadbe — Oplac) - (2.12)

Thus we see that g, uniquely determines Cgquc. Since q,p, is degenerate with " as
its degenerate direction, if Cgb is a solution of (2.12), then so is Cgb + aabéd for any
symmetric tensor «,p; there are infinitely many derivative operators compatible with g,
However, q,; does uniquely determine the action of D, on any one-form 7, satisfying
(*n, £ 0.

Another important situation in differential geometry is when a manifold X is
smoothly embedded in a larger manifold M with non-degenerate metric g,;. Let v,
be the non-degenerate induced metric on 3. The important quantities here are the
extrinsic curvature of 3 and the induced derivative operator on 3. Can we define these
quantities for a NEH? To answer this question, let us first review the general procedure
for defining these quantities in the non-degenerate case (see e.g. [11]). Let T (M) and
T(X) be the tangent bundles of M and ¥ respectively. The key fact upon which the

whole construction depends is that we can perform an orthogonal decomposition
TM)=NE)aT(X) and NXE)NT((X) ={0}, (2.13)

where N(X) is the normal bundle of ¥, the sections of which are the vector fields or-

thogonal to X. This is used to uniquely decompose any vector field £
1
E=¢+¢7 (2.14)

where fJ‘ is perpendicular to ¥ and &7 is tangential to ¥. Let V be the connection
on M compatible with g,; and let X,Y be vector fields tangential to ¥. We can then



13

decompose VxY using (2.13):
VyV = (VxY)h + (VyY)T. (2.15)

Define a connection D on ¥ by DyY = (VxY)T. It can be easily shown that D is
compatible with 7,; and using the Frobenius theorem, it can also be shown to be torsion

free. The second fundamental form K of ¥ is a linear mapping
K:T()eT(X)— NE®); KX, Y)=(VyY) . (2.16)

Using the Frobenius theorem again, it is easy to show that K is symmetric (K(X,Y) =
K(Y, X)). When the codimension of X is unity and if T is the unit timelike vector field

normal to 3, then K defines the extrinsic curvature tensor K by
K:T(X)eT(E) —-C*(E); KX,Y)=KX,Y)T (2.17)

where C°°(X) is the space of smooth functions on . It is again easy to show that
this definition is equivalent to the definition used commonly in the general relativity
literature: K, = 'yacfydech.

Returning now to the case of a NEH, we see that the crucial difference from the
non-degenerate case is that the decomposition (2.13) is not valid. In particular, since A
is a null surface, N(A) C T(A); there exist non-zero vectors (the null normals), which
are both tangent and perpendicular to A. Thus, for a general null surface, we cannot
define the extrinsic curvature and the spacetime derivative operator need not induce a
well defined derivative operator. In order to define a derivative operator, we have to
choose a direction transverse to A, i.e. we have to choose a subspace Np(A) C Tp(./\/l)

so that we can define a decomposition of the tangent bundle
T(M)=NA)eT(A) with  NA)NT(A) = {0} (2.18)

where N (A) is a vector bundle, which may be called the transverse bundle, the sections
of which are vector fields everywhere transverse to A. This transverse direction could
be chosen, for example, by choosing a foliation of A. We can then repeat the procedure
described above and construct the induced connection and extrinsic curvature on A if
we replace the normal bundle by the transverse bundle. For a general null surface, this

construction will depend on the transverse distribution that we choose. Fortunately, the
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properties of A guarantee the existence of a unique derivative operator D independent of
this choice. To prove this, note that the only way the construction can be independent of
the choice of N (A) is if VxY is always purely tangential to A so that there is no need to
perform the decomposition using (2.18). From this perspective, for such a surface, since
there is no component of Vx Y transverse to A, the second fundamental form (2.16) and
therefore the extrinsic curvature, will be identically zero. The condition for D to be well
defined is therefore

024, (X*V,Y") £ —xYPY,0, (2.19)

where X% and Y are arbitrary vector fields tangent to A. This condition is equivalent
to saying that any null normal ¢ must be both expansion and shear free. The vanishing of
the expansion 9( 0 is part of the definition of a NEH and we have already shown that the
shear of any null normal vanishes (eqn. (2.4)). Therefore D is a well defined derivative
operator on A compatible with gp.

Another important notion in the study of non-degenerate submanifolds is the
shape operator also known as the Weingarten map which is just the extrinsic curvature
with one index raised: Kab. At any point p, it can be viewed as a mapping from the
tangent space of ¥ to itself and it carries all the information about the embedding of X
in M. For example, for a surface embedded in flat Euclidean space, its eigenvalues are
the principal curvature, its determinant gives the Gauss curvature and its trace is the
mean curvature. Can we find an analog of the shape operator for the null surface A?
As we showed earlier, the extrinsic curvature of A is zero. However, by analogy with
the non-degenerate case, we might define V,, % as the shape operator of A. This will be
used later to motivate the definition of a W(e_akly isolated horizon.

It is convenient to express the action of D using the pullback notation:

D, X" 2V, X" and  Dymy 2 Vi (2.20)

where an arrow under a covariant index denotes the pullback of that index to A; X b

and 7, are arbitrary extensions of X b and ny, into the full spacetime. Note that xb s

equal to X b at points of A while 7, need not be equal to n;, at A; only the pullback 7y,

is equal to 1y at points of A. In this notation it is very easy to see that D is compatib<l_e
with g,

Doy = Vgpe = 0- (2.21)
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As discussed earlier, the action of D on a one-form 7, satisfying Eana = 0 is determined
by q,,- The spacetime derivative operator V fixes the action of D on the remaining
one-forms. In fact, this extra information in D which does not come from ¢, is present
in the one-form w, defined in (2.5) because Daﬂb £ waﬁb.

If 7, is a one-form on A which is the pull-back of any one-form 7), on the base

space 3, then
Dy = 7* Dy ) (2.22)

which shows that Da2€bc =0.

Consider now a cross section of A denoted by S. Let n, be a one-form (deter-
mined upto a scaling) which annihilates all vectors tangent to S. Since the null-normals
give a preferred direction transverse to .S, we can define the induced derivative operator

and extrinsic curvature of S < A. Choose a null normal ¢* and fix the one-form n, by
b b b
= (5a +n,l

requiring Eana £ _1. Then we can define a projection operator for S: 4

which can be used to project all tensors intrinsic to A onto S. The derivative oper-
ator D on S is then the part of D determined by ¢, and the extrinsic curvature is

Sep = qacqbchnd which is the part of D not determined by g,,.

2.2.3 Conditions on the Ricci and Weyl tensors

The second equation in (2.4) implies that the vector —Rabéb is tangential to
A. The energy condition and the field equations imply this vector must also be future
causal. This means that Rabﬁb must be proportional to #* and hence, R, bﬁb =0. In

the Newman-Penrose formalism (see appendix A) this condition translates to:
(I)OO = 0 and @01 = 610 = 0. (223)

Since this statement is equivalent to R, bﬁb = 0, it is gauge invariant, i.e. it does not
depend upon the specific choice of null ;ormal ¢ and m.

To obtain properties of the Weyl tensor C,;j.q at A, let us begin with the definition
of the Riemann tensor, [V,V}, — V,V,]X¢ = —2RadeXd. If we set X¢ = (¢ and pull
back the indices a and b, then using (2.5), we obtain:

d

[Dywp — Dpwgll€ 2 —23@%‘1 £ —20,p4"t" (2.24)
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A

The last equality follows from Rabﬂb = 0. Thus, if v is any 1-form on A satisfying
v-020, contracting the previous equation with v, we get

Copd vl 2 0.

—

Let us choose a null tetrad and set v to be m or m. Then
¥p=0 and Uy =20, (2.25)

where we have used the trace-free property of the Weyl tensor in the second equation
(see appendix A for the definitions of ¥, (¢ = 0...4)). It is also clear that equations
(2.25) are independent of which null normal ¢, and vector fields m and m we choose to
construct the null tetrad; equation (2.25) is gauge invariant.
There is also an important relation between the one-form w,, defined in (2.5) and
the imaginary part of Wy. To show this, contract (2.24) with n, and use £“n, = —1.
Then we have:
2D g = Capa ' = Capeatn (2.26)

Expanding the Weyl tensor in terms of the ¥’s, one obtains

Cabcdﬁcnd £ 4(Re [QIQ])n[alb} + 2\I/3€[amb] + 2E3€[amb]
_QTIn[amb} — 2\1/1n[amb] + 4i(Im [\I/ﬂ)m[amb} . (2.27)

Substituting this expression into (2.26), pulling back on the two free indices and taking
into account (2.25) we obtain
dw 2 2(Im [T5)) % . (2.28)

This relation will play an important role in what follows. Note that, because ¥y and ¥y
vanish on A, ¥y is gauge invariant.

The gauge freedom we are concerned with here is the choice of null tetrads adapted
to A. The allowed gauge transformations relating different choices are null rotations

about /:

{ — /¢
m — m+cl (2.29)

n — n-+cm+em+ cel



17

and spin-boost transformations:

¢ — AL
n — A ln (2.30)
2i0

m — € m

Here ¢, A and 6 are arbitrary smooth functions on A. It turns out that ¥y is always
invariant under spin-boost transformations; under null rotations, it transforms as (see
appendix A)

Wy — Uy + 2007 + 20y (2.31)

Since ¥ and ¥y vanish at A, we see that Wy is in fact gauge invariant at the horizon:
it does not depend on the choice of null tetrad as long as £ is one of the null generators
of A. This property is important because it tells us that the value of ¥y at the horizon
does not depend on how we choose to foliate our spacetime. A different spatial slice 3.
will lead to a different ¢, 71 and /. The two null tetrads will be related by a combination
of the following transformations: a null-rotation about ¢, a spin-boost transformation, or
a multiplication of m by a phase. Whichever null-tetrad we use to calculate W9, we will
get the same result. As we shall see, it is the imaginary part of W9 which is physically

interesting for our purposes.

2.3 Weakly-Isolated and Isolated Horizons

As we have seen, the notion of non-expanding horizons describes the late time
behavior of apparent horizons. However, in order to define the mass Ma and angular
momentum Ja of A, one needs to go beyond this definition and introduce additional
structures on the horizon. This is done via the definitions of weakly isolated horizons and
isolated horizons [3, 4]. The Hamiltonian analysis which leads to the definitions of mass
and angular momentum requires this extra structure. Fortunately, it turns out that the
formulae for Ma and Ja do not depend on this extra structure and make sense even on
non-expanding horizons.

In a NEH, the intrinsic metric g, is time independent since £ pq,;, £ 0. However,
there is no restriction on the time derivatives of the extrinsic curvature of A or the
intrinsic connection on A (by ‘time derivative’ we mean derivative along ¢). Since A is a
null surface, there is no natural notion of extrinsic curvature (though, as discussed in the

previous section, for any given choice of the transverse bundle, the extrinsic curvature
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vanishes identically). The closest thing to extrinsic curvature is the tensor K, ab defined
via Kab = Va & for any t® tangent to A. This tensor is known in the mathematics
literature as tIe Weingarten map as discussed in the previous section; we immediately
obtain K ab = waﬁb. This implies that requiring K ab to be time independent is equivalent
to requiring L jw,, £ 0. However, because of the transformation property of w, (see
equation (2.7)), it is clear that this equation is not meaningful if all rescalings of ¢ are
allowed. Note however that if we restrict ourselves to rescalings that are constant on
the horizon, then w, is invariant. We thus need to restrict ourselves to an equivalence
class of null normals [¢] the members of which are related to each other by a constant,
positive non-zero rescaling. We can then associate a unique w, with [¢]. The equation
L w, = 0 is now perfectly meaningful if ¢ is a member of [f] and we can make the
following definition of a weakly isolated horizon (WIH)

Definition 2: A weakly isolated horizon (A, [¢]) consists of a non-expanding horizon A,

equipped with an equivalence class [¢] of null normals to it satisfying
Lyw =20 for all £ € [£]. (2.32)

Strictly speaking, we should use the symbol wgf) instead of w, but this should not lead to
any confusion because, when dealing with a WIH, we shall always use the w, associated
with [¢]. Given a NEH, we can always find such an equivalence class (as we shall see
below, this equivalence class however, is not unique). Thus every NEH can be turned
into a weakly isolated horizon. Fortunately, for numerical applications, the Hamiltonian
analysis of weakly isolated horizons leads to formulae for mass and angular momentum
and as we shall see in section 2.4, these formulae are insensitive to arbitrary rescalings
of ¢ and thus they make sense even for non-expanding horizons.

The condition (2.32) is equivalent to the zeroth law of black hole mechanics which

says that the surface gravity K(g) = { - w of a black hole is constant:
Ozﬁgw:ﬂdw—i—d(é-w):dﬁ(@ (2.33)

where we have used (2.28) and ¢ - % 2 0. Let us now determine the rescaling freedom
in ¢ if the surface gravity is required to be constant. Start with the transformation law
for surface gravity (2.8). For any ¢, we can simply solve for f by requiring that Kty

be constant on A. The solution is not unique. If K(p) is constant, given any non-zero
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function g satisfying Lyg £ () and a constant £, let us set

/

FRge fOY 4 B (2.34)
"(0)
where v satisfies £yv 2 1. Then, we obtain an ¢/ ¢ [/] for which Ko 2 x!. This is

the only freedom if both K(0) and K(gr) are to be constant. Thus, each non-expanding
horizon gives rise to an infinite family of weakly isolated horizons. More properties of
weakly isolated horiozns are given in section 4.2.

We can introduce an even stronger definition. A weakly isolated horizon requires
that w, be time independent. As mentioned earlier, w, can also be regarded as a com-
ponent of the intrinsic connection D, induced on A by the four dimensional connection
V, compatible with the four-metric. However, w, is just one component of D,. In an
isolated horizon (IH), we require that all components of D, are time independent

Definition 3: An isolated horizon is a weakly isolated horizon (A, [¢]) such that
[L,,D] =0 (2.35)

Generically, it turns out that this condition selects a preferred equivalence class [¢] from
among the infinitely many equivalence classes for which (A, [¢]) is a WIH. In fact, it is
also possible, though unlikely, that a horizon could be a WIH without being an isolated

horizon.

2.4 Mass and Angular Momentum

In this section we discuss the formulae for mass and angular momentum of a WIH.
We shall focus on vacuum spacetimes only. The detailed derivations of the results and

inclusion of matter fields can be found in [3, 4].

2.4.1 Phase space and symplectic structure

In this thesis, we use a Hamiltonian framework to calculate conserved quantities
such as angular momentum and mass. We therefore begin by describing the phase space
we are interested in. Let M be the region of spacetime that we are interested in. The
boundary of M consists of four components: the timelike cylinder 7., at spatial infinity,

two spacelike surfaces M + which are the future and past boundaries of M and and inner
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boundary A which is a weakly isolated horizon with a preferred class of null normals
[€] (see figure (2.3)). The two spheres ST are the intersections of M™* with A. We

Fig. 2.3.  The region of space-time M under consideration has an internal boundary A and is
bounded by two partial Cauchy surfaces M * which intersect A in the 2-spheres S + and extend
to spatial infinity ¢°.

shall use a first order formalism in which the fundamental fields are the gravitational
connection A, IJ and a tetrad eé which satisfy appropriate boundary conditions (see [12]
for a formulation in terms of metrics and extrinsic curvature). The lowercase latin indices
refer to the spacetime wnd the uppercase letters refer to a fixed internal four dimensional
Lorentzian vector space with internal metric 1y ; with signature (—, 4,4+, +). A Lorentz

connection A, IJ defines a derivative operator acting on internal indices
o J
Dak)[ = 8ak] + Aa[ k‘J (2.36)

where 0, is an arbitrary flat fiducial derivative operator.
Fix a preferred internal null tetrad (EI , n! , m! , il ) at A. The allowed field config-

urations (A4, [‘], eé) are those which satisfy the appropriate fall-off conditions at infinity
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to ensure asymptotic flatness; and at A are such that (i) /¢ = ol e‘} is a member of the
preferred equivalence class [¢] fixed at A and (ii) (A, ¢) is a WIH.
It turns out (see [3] for details) that due to the zeroth law, the standard gravita-

tional action is a viable action even in the presence of the internal boundary A:

1 IJ 1 IJ
S(e, A) = — >UAF — YUANA 2.37
(e,4) =~ /M 11+ 6.6 - 1J (2.37)
where
1
EIJ = §€IJKL€K/\6L (2.38)
and
Frl =aa;” + A5 nay! (2.39)

is the curvature of the derivative operator D,,.

Our phase space I', known as the covariant phase space, is the set of solutions to
the field equations satisfying the boundary conditions specified above.

The symplectic structure is obtained by second variations of the action and leads

to the following expression

1 1J IJ
Q(01,09) = — e /M[51E NG9Ary — 695" Nd1A7 ]
T 161 (%) 6900 — 65(%) 619
87G Jg

where 01 and 0y are tangent vectors to I' (they are variations of the fields which preserve
the boundary conditions and the field equations), M is a partial Cauchy surface in M,

and the function v is defined via the conditions
L= ki and  Plgo =0. (2.40)

The field ¢ is introduced to make the symplectic structure independent of which partial

Cauchy surface M we choose to integrate over.

2.4.2 Angular Momentum

Physical observables and conserved quantities such as energy and angular momen-
tum are usually associated with symmetries. Energy is the generator of time translations

and angular momentum is the generator of spatial rotations. In the present case, using
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the symplectic structure, we can explicitly calculate the generators of the appropriate
symmetries. For general relativity, due to general covariance, we expect that the Hamil-
tonians which generate time translations and spatial rotations can be expressed as surface
integrals; the volume integrals over the Cauchy surface M will vanish if the constraints
are satisfied. In the present case, the surfaces we are concerned with are the sphere at
infinity and the section of the horizon S = M N A. Thus the Hamiltonians will consist
of two terms: a term at infinity and a term at the horizon. The terms at infinity will
reproduce the ADM formulae for energy and angular momentum. The terms at the
horizon will define the energy and angular momentum of the weakly isolated horizon.
Let us begin with angular momentum (see [4] for details). We want to find the
Hamiltonian which generates motion along a rotational vector field ¢® defined everywhere
in M. In other words, we want to find a phase space function H P such that Hamilton’s
equation is satisfied:
(5H¢ = Q(0, 6¢) . (2.41)

Here (5¢ is the infinitesimal variation associated with diffeomorphisms generated by ¢
and ¢ is an arbitrary variation in the phase space. What boundary conditions must we
impose on ¢% so that we have a well defined Hamiltonian? At infinity, it must approach
a fixed rotational Killing vector of the flat background metric at infinity. The KVF at
infinity must be fixed for all asymptotically flat spacetimes so that we can meaningfully
compare angular momentum along the same axis for different spacetimes.

On the horizon however, there is no fixed metric. In general, there need not even
exist any rotational symmetry vectors on the horizon. We will fix a rotational vector

field ¢ on the inner boundary A satisfying
1. [p,£] =0 for every £ € [/],
2. % vanishes on exactly two generators of A and
3. % has closed circular orbits of affine length 2.

Our phase space will consist of only those spacetimes for which ¢ is a rotational symme-
try of the WIH (A, []) (see [4] for a general discussion and classification of the symmetries
of weakly isolated horizons). This means that ¢® must preserve the equivalence class [¢],

the connection one-form w, and the metric g,:

£<p£€ [, E@qab:(), L, w,=0. (2.42)
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A WIH (A, [¢]) with such a symmetry vector field will be denoted (A, [], ¢).
Our phase space F@ is a submanifold of the covariant phase space I" and consists
of solutions to the field equations for which the inner boundary A is a WIH with a fixed

axial symmetry ¢®. A direct calculation [4] leads to the following result

6H, = Q68,64) = —ﬁ X, [(go%a) 26} +72 (..) (2.43)

o
where S, is the sphere at infinity. As expected, the expression for d H, P consists of two
terms: a term at the horizon and a term at infinity. The term at infinity turns out to
be the familiar ADM angular momentum and we define the angular momentum of the
horizon to be the term at the horizon. This leads to the following expression for the

horizon angular momentum

1 1
JA = (wa™) a?v = _E%gﬂm [Ws] d2V7 (2.44)

= :
where S is the apparent horizon and the function f is related to ¢® by 9, f = ebacpb. In
the second equality, we have used equation (2.28) and an integration by parts. Since ¥y
is gauge invariant, so is the angular momentum, and in particular, it does not depend
on the scaling of £ and it thus makes sense even on a NEH. If, in a neighborhood of
A, there was a spacetime rotational Killing vector ¢® which approaches % at A, then
the above formula for Jo would be equal to the Komar integral calculated for ¢ [4].
However, the formula in equation (2.44) is more general. As a practical matter, even
if there were a Killing vector in the neighborhood of A, it is easier to use (2.44) rather
than the Komar integral since that would require us to find the Killing vector in the
full four-dimensional spacetime. It is also worth mentioning that if the vector field ¢
is not a symmetry of A but is an arbitrary vector field tangent to S, then Jx is still
the Hamiltonian generating diffeomorphisms along ¢®. But in this case, there would be
no reason to identify Ja with the angular momentum since conserved quantities such
as mass and angular momentum are always associated with symmetries. However, the
existence of the axial symmetry is the least that must be true if the horizon is to be
close to Kerr in any sense. Note that angular momentum is a coordinate independent
quantity; even if we use corotating coordinates to describe the black hole, the black hole
still has the same angular momentum.

We want to apply the formula for JA in a numerical simulation which evolves

quantities such as the three-metric and extrinsic curvature defined on spatial surfaces.
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Let ¥ be one such spatial slice and let S = AN X be the relevant cross-section of A. Let
us choose a ¢ for which surface gravity is constant and let n, be the one-form orthogonal
to S which satisfies £“n, = —1. We would like all our calculations to be based only on
quantities defined on S. Recall that the vector field ¢p* appearing in the formula for Jx
is a fized vector field on A. This was necessary for carrying out the Hamiltonian analysis.
Since S is essentially an arbitrary cross-section of A, the fixed ¢® need not be tangent
to S. However, the component of ¢® tangent to S defined by ¢% := % + (nbgpb)ﬁa is
a Killing vector of the two-metric g, induced on S. We could use ¢¢ to calculate J
but if we had a different foliation of A, then we would have a different cross-section s’
which would give a different g?)la. It is quite easy to see that JA is independent of which
@% we use. Let S be given by v = f(6,¢) where (v, 8, ¢) are coordinates on A; v is the

affine parameter along ¢. Then
n = —dv+df, =0, (2.45)

and
yg(@awa) 26—%9(90@(,0@) % 2 K(E)%g(CSbf) %20. (2.46)

Thus in a given numerical simulation, we only need to find the symmetry vector ¢¢
tangent to S. In the rest of this thesis, we shall therefore drop the distinction between
0% and $% and refer to the symmetry vector on S by ¢%.

We now describe a form of equation (2.44) which is much better suited for calcu-

lating JA numerically. From equation (2.5), which is the defining equation for w,, we

a’

get
%0, & —nbtaVaﬁb = Kbtavanb (2.47)

where t% is any vector tangent to A. Assume that we have found the symmetry vector
field ¢ on the horizon (the method we use for finding % is described below). From
equation (2.44), we are eventually interested in calculating Lpawa; since ¢ is tangent to

A, setting t* = ¢® we get

1
oy 2 "V = ST+ BV, (T, — Ry)
2 Loarby o rhv R 4 RV T - RUV.R
_590( atb — alty + atb — ab)

(1>

—"RPV, T, 2~ RVK
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where we have used equation (2.1) along with the fact that 7% and R are orthonormal.
In the last step, the definition of extrinsic curvature K, = ’YGCVdech has been used
where v, = g4p + 1,1} is the three-metric on the spatial slice 3. We have thus reduced
the calculation of ¢%w,, to finding a single component of the extrinsic curvature. The

integration of this scalar over the apparent horizon yields the angular momentum:

1 a b 2
JA = —— RK ,)d°V . 9.48
A & 5(90 ab) (2.48)

This is our final formula for the angular momentum. This formula is remarkably similar

to the formula for the ADM angular momentum computed at spatial infinity:

¢ _ 1 a 12 ab
Japm = % SOO(Kab_'YabK)¢ d“s
1 a 12 ab
- — ¢ K, ¢"ast. 2.49
s b, Ko (2.49)

The v, K term does not contribute because ¢% is tangent to S~o», Which is the sphere at
spatial infinity. Since the metric on S, is just the standard two-sphere metric, we have
no difficulty in choosing a ¢® and we can calculate J 4y, about any axis. In contrast,
since the metric on the apparent horizon S is distorted, finding ¢“ is more complicated.
Finally, as mentioned earlier, the similarity between equations (2.48) and (2.49) is not
surprising because both quantities are surface terms of Hamiltonians generating diffeo-
morphisms along the appropriate rotational symmetry vector fields; Ja is the surface

term at the inner boundary while Japg is the surface term at infinity.

2.4.3 Energy and mass

Conceptually, the calculation of the energy of a WIH is similar to the calculation
of angular momentum. We need to find the generator of diffeomorphisms along a time
evolution vector field t*. At infinity, t* must approach a time translation vector field.

At the horizon, we assume that
ta = A(“)Ea - Q(t)(pa (2.50)

where A(g t) and Q(t) are constants on A. Unlike for angular momentum where we

required that ¢® approach a fized rotational vector % on A, in this case t* is not fixed
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on A; the constants A([,t) and Q(t) may depend on the dynamical fields (Aajl, eé); they
are functions on phase space. In the terminology of numerical relativity, t%, unlike ¢%,
is a live vector field.
Now,using the symplectic structure, we wish to calculate the one-form on phase
space defined by
x4(6) = Q(5,6,) (2.51)

where § is an arbitrary variation in phase space (or equivalently a tangent vector to the
phase space F¢) and d; is the variation due to diffeomorphisms along t. Once again,
X t(é) will consist of a surface term at infinity and a surface term at the horizon. A

direct calculation yields

K
trey () t
where K1) = A(E’t)fawa is the surface gravity associated with the restriction of % to

A, Ap is the area of A and E?ADM is the ADM energy associated with t*. The first
two terms in the RHS of this equation are associated with the horizon while the EltADM
term is associated with an integral at infinity. We would like to say that the terms at
the horizon give the energy of the WIH while the term at infinity gives the ADM energy.
However, at this point, we see an important difference from the angular momentum
calculation: the right hand side of equation (2.43) is an exact variation which means
that H? is well defined. However, in equation (2.52), it is not guaranteed that the right
hand side is an exact variation; in other words, d; need not be a Hamiltonian vector field

in phase space. We want to look for a function on phase space EtA (which will be called

the energy of the WIH) satisfying

OB = gg—géAA + Q) 3JA - (2.53)
To study the existence of E? , note that quantities such as Ax, J5 and other
geometrical quantities characterizing e.g. the distortion of the horizon etc. can be used
as coordinates in phase space. The condition for the existence of EtA is the integrability
condition
8/<a(t) 8Q(t)

= —_— 2.54
Tin SWGaAA (2.54)

Equations (2.53) and (2.52) tell us that among the infinite number of coordinates in
phase space, EtA’H(t) and Q(t) can depend only on Ap and Ja. This is a restriction
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on the time evolution vector field t*. Such a vector field t* for which EtA exists will be
called a permissible time evolution vector field. It is interesting to note that equation
(2.53) is just the first law of black hole mechanics for EtA Therefore, t* is permissible
if and only if the first law holds.

Each permissible live t* defines a horizon energy EtA The same thing is true at
infinity. However, at infinity, due to the presence of a universal flat metric, we can fix
a preferred time translation vector field tg and use it to define a preferred ADM energy
which is then called the ADM mass of the spacetime. At the horizon we only have a
equivalence class [¢] and there is apriori no reason for t* to be equal to some fixed vector
field at the horizon. Nevertheless, one way to fix a value of EtA is by choosing a suitably
regular function k(Aa,JA) and requiring that the surface gravity K(t) be equal to K
for all spacetimes under consideration. We can then solve equation (2.54) for Q(t) and
thereby uniquely fix the vector field t* at A [5]. Then EﬁA will be uniquely determined
upto addition of a constant in phase space because eqn. (2.53) only determines <5EtA and
not EtA itself. By equation this constant must be zero because there is no energy scale
that one can construct from G and ¢ alone [2]. By this procedure, given rg(Aa,JA),
we can find EtA It is natural to choose k( to have the same dependence on area and

angular momentum as in the Kerr family:
4 2
R, —4J
ro(AasJa) = — = - = 5
2RANRA +4TX
With this choice of surface gravity, we get a unique energy EtA The resulting function

E'tA will be called the mass of the WIH and will be denoted by Ma. It will have the

same dependence on the area and spin as in the Kerr solutions:

(2.55)

Mp = ﬁ RA +4J% (2.56)
where R is the area radius of the horizon: Rx = (AA/47T)1/2. Note that even though
we have used properties of the Kerr solutions to fix this mass, this formula is valid for
all vacuum spacetimes which admit an axi-symmetric WIH as an inner boundary. The
Kerr black holes have been used as reference solutions to obtain this result.

Under some physically reasonable assumptions on fields near future time-like in-
finity (i+), one can show that Ma — Mypys is equal to the energy radiated across
future null-infinity if the isolated horizon extends all the way to i [2]. Thus, Mx is the
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mass left over after all the gravitational radiation has left the system. This lends further

support for identifying M A with the mass of the black hole.
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Chapter 3

Numerical computation of M, and J,

In this chapter we numerically implement the formulae for M (equation (2.56))
and Ja (equation (2.48)) described in the previous chapter. This chapter is almost
entirely based on [6].

To calculate Jo and M in a typical numerical evolution, we must go through

the following steps:
1. Find the world tube H of apparent horizons;

2. Check that H is a null surface;

3. If H is indeed null, then find the symmetry vector ¢® on an apparent horizon S

and

4. Calculate the integral in equation (2.48) to calculate JA and use it to calculate
M from (2.56).

In the first step, to find H, we need to find apparent horizons on each spatial slice using
an apparent horizon tracker. For the purposes of this thesis, we shall assume that this
has been done and that we know the location of the AH, the two-metric on the AH, the
extrinsic curvature interpolated to the location of the AH and the outward normal R®.

If steps 2 and 3 have been carried out, then the final step is quite easy. The

implementation of step 2 is carried out in section 3.1 and section 3.2 deals with step 3.

3.1 Isolated horizons and trapping horizons

Our strategy to find non-expanding horizons is to locate apparent horizons on
each spatial slice and then to check whether the world tube H obtained by stacking
these horizons together is a NEH. What remains to be checked is whether the tube is a
null surface. By definition, a surface is null if the metric h,j; induced on this surface has
a degenerate direction, i.e. if there exists a vector X% tangent to H such that hapX b_ 0;
therefore, one possible method to check whether H is isolated is to construct the induced

metric h,, on H and see if it has a zero eigenvalue. To construct h,; numerically, we
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have to know the two-metric g,; on at least two different time slices. Furthermore, in a
numerical simulation, H will never be exactly isolated because of numerical errors, and
it is not clear how this method can quantify how close the horizon is to being exactly
isolated. Fortunately, there is a much simpler method which only requires data on a
single time slice and also provides a quantitative measure of how close H is to being

()

perfectly isolated. This method is based on the shear o ;" of £, which is the symmetric
trace-free part of the projection of V, ¢ onto the apparent horizon S. The tensor Ufj)) has
two independent components, and is conveniently written in terms of a single complex
number o(p) = mameaZb, where m is defined in equation (2.2). To calculate I(0)

conveniently, we simply decompose ¢ using equation (2.1):

I(p) = mameaﬁb
N I a I a b
= —m mV,Ty+—m " m V, R;. 3.1
\/5 ath \/5 a*lh ( )

The first term is just a component of the extrinsic curvature K ;, while the second term
can be calculated on the spatial slice by calculating the connection associated with the

three-metric v,;. We shall now prove the following important result concerning I(p);

The world tube of apparent horizons is a NEH if and only if I(p) £ 0 (We extend the

notation ‘2’ to also mean that the equality holds only at points of H).

To prove this statement, we need to consider the general case when H is not null.
This has been studied in great detail by Hayward [13]. In Hayward’s terminology, the
surface H is essentially a future outer trapping horizon. This means that H is foliated
by a family of marginally trapped surfaces (which in our case are the apparent horizons)
satisfying the relations 0(5) £, G(n) < 0 and Enﬁ(g) < 0. These are physically very
reasonable conditions, and all black holes found in simulations are expected to satisfy
them.

The proof of this statement, adapted from [13], is then quite simple: let z% be
a vector tangent to H and orthogonal to the foliation whose leaves are the apparent
horizons. Such a vector field may be considered to define time evolution at the horizon.
It is easy to see that, up to a rescaling, 2% can be expressed as a linear combination of
(% and n®

2420 —an® (3.2)
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where « is a smooth function on H. The rescaling freedom in z will be inconsequential
for our purposes. The surface H is null, spacelike, or timelike if and only if « is zero,
positive, or negative respectively. We will now show that « > 0. From the definition of
apparent horizons we know that the expansion 9(6) vanishes everywhere on the horizon,

therefore £ 29(4) £ 0. This in turn gives

o Lef

(3.3)

Even though 9( 0) and G(n) are so far defined only on H, in equation (3.3) (and also in the
very definition of a trapping horizon) we are taking the derivatives of these quantities
along ¢ and n which are not necessarily tangent to H. To make sense of this equation
we need to extend ¢ and n in a neighborhood of the surface S. This can easily be done
by using the unique geodesics determined by these vectors.

The Raychaudhuri equation for ¢ then leads to

A

Le9p) —|<f(£)|2 — @ (3.4)

where &gy = %Rabfafb. If we assume that the spacetime is vacuum, then ®yy = 0, and
therefore cge(@ = —‘O'(g) ]2, which along with equation (3.3) gives

o ol
Ene(g) ’

(0%

(3.5)
This immediately implies that o = 0 (which is equivalent to H being null) if and only if
I(0) £ 0. This is what we wanted to show. More generally, since L’nG(é) < 0, this shows
that « > 0, which means that A is spacelike when the shear is non-zero.

As a side remark we also show that H is null if and only if the area element on

the apparent horizons €, is preserved in time. To show this we need the equations
Efeab £ 9(£)€ab £ 0 and £n6ab = H(H)eab. (3.6)

It then follows that
L eqp = L yeay — L anab £ _O‘@(n)eab (3.7)

therefore o £ 0 if and only if £ 2€ab £ 0, which is what we wanted to prove. This implies

that if @ £ 0, then the area of cross-sections of A is constant. However, the converse
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is not necessarily true, because €, could be changing in such a way that its integral
is constant; the area can be constant globally without being constant locally. Thus, in
principle, we can have situations in which the area is constant without the horizon being
isolated. However, constancy of area is still a very useful first check to see when the
horizon reaches equilibrium. Finally, as a side remark we note that since o > 0 and
9(n) <0, we get L ,AA > 0, which is the area increase law.

In this paper we are interested in the case when a(p) vanishes (up to numerical

errors). In order for the horizon to be isolated we should have
2 42
s:= @ |lopn|"dV =0 (3.8)

where d2V is the natural area measure on S constructed from qgp- The quantity s is
dimensionless since I(0) has dimensions of inverse length. For the horizon to be numer-
ically isolated, we require that s converges to zero appropriately when the numerical
resolution is increased. We want to point out that as it stands, the quantity s can not
be used as a general measure of how isolated a given horizon is, since it is not gauge
invariant. A simple rescaling of ¢ changes I(p) and thus s. However, if we are only con-
cerned with given apparent horizons embedded in given spatial slices, and if we agree to
use equation (2.1) for defining ¢ thereby removing the boost freedom, then the horizon

will be close to being isolated if the condition
skl (3.9)

is satisfied. While this is not a satisfactory solution for identifying the small parameter,
it is useful in practice. The complete solution to this problem will require the notion
of an isolated horizon which selects a preferred null normal. A method for selecting a

preferred null normal is described in section 4.2.

3.2 Finding the Killing vector

First of all, we should point out that in some numerical simulations (especially
simulations with built-in axi-symmetry) the axial symmetry vector is already known.
In that case, one can go ahead and find the angular momentum using equation (2.48).
However, we are also interested in the more general case, when there is an axial symmetry,
but the coordinates used in the simulation are not adapted to it. In this section, we

describe a general numerical method for finding ¢®. Our method of finding Killing
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vectors on the apparent horizons is based on the Killing transport equation, which we
now describe. This method does not depend on the fact that we are on an apparent
horizon, and it is possible that this procedure could find Killing vectors efficiently in
more general situations. We first describe the general method.

Let £ be a Killing vector on (S, q,p), and define the two-form L,; = V,&,. This
is a two-form because of the Killing equation V(afb) = L(ab) = 0. It is then not difficult
to prove the following (see e.g. [10])

vaVaﬁb = vaLab
and vV, Ly, = R len®. (3.10)

The reason for inserting an arbitrary vector v® will soon become clear. Instead of viewing
these as equations for a Killing vector, let us instead think of them as equations for an
arbitrary vector £ (or a one-form §,) and an arbitrary two-form L. If we start with a
one-form §C(Lp ) and a two-form Lg‘? at a point p on the manifold, then the above equations
can be solved along any curve (t) (with v® as its tangent) starting at p to give a unique
one-form 7, and a unique two-form «;, at any other point on the curve. This procedure is
analogous to parallel transport, but the differential equation used in the transport is not
the geodesic equation, but instead equation (3.10) above, and instead of transporting a
vector, these equations transport a one-form and a two-form. Viewed this way, equations
(3.10) are often referred to as the Killing transport equatio;zs [14]. We are thus led to
p

consider the vector space V,, consisting of all pairs (fgp ) ,Ly’) for an arbitrary one-form

p
£C(Lp ) and an arbitrary two-form L((l]z) at a point p. For any curve v(t) which starts at p

and ends at ¢, the equations in (3.10), being linear, give us a linear mapping between Vp
and Vq. If (§(gp ) , ng)) € Vp actually comes from a Killing vector and its derivative, then

it will be mapped to (56(;1), L((z%)) € V,, which comes from the same Killing vector.

If we consider closed curves starting and ending at the point p, then the Killing
transport for a curve 7(t) gives us a linear mapping Mp(q/) : Vp — Vp. A Killing vector
corresponds to an eigenvector of Mp(fy) with eigenvalue equal to unity for any closed curve
~. In our case, S is a topological two-sphere which means that V,isa three dimensional
vector space and, if we choose a basis, Mp('y) can be represented as a 3 x 3 matrix (if S
is an n dimensional manifold, then M, (7) is a %n(n + 1) dimensional matrix). Finding
the Killing vector at p then reduces to an eigenvalue problem for a 3 x 3 matrix. For a

constant curvature two-sphere, as in the Schwarzschild horizon, this matrix will just be
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the identity matrix for any point p. For an axially symmetric sphere, such as the one in
a Kerr spacetime, there will be precisely one such eigenvector. Having found ¢% and L,
at one point, we can again use equation (3.10) to find it everywhere on the sphere, using
various other curves. Finally, the Killing vector is normalized by requiring its integral
curves to have affine length 27 (it can be shown that the integral curves must in fact be
closed). Since we are only free to rescale the Killing vector by an overall constant, we
only have to perform the normalization on one integral curve. This normalization is valid
for rotational Killing vectors. If we were dealing with, say, translational or stationary
Killing vectors, the appropriate normalization condition would be to require the vector
to have unit norm at infinity.

To make this procedure concrete, let us write down the equations explicitly in
spherical coordinates. The Riemannian two-metric g,; on the apparent horizon S in

arbitrary spherical coordinates (6, ¢) is:
q=qpgdb @ db + gy do @ dd + qpgs (O ® do + do ® db) . (3.11)

The horizon may be arbitrarily distorted; g, does not have to be the standard two-sphere
metric. Note that on a sphere, any two-form L j can be written uniquely as L, = Le gy,
where L is a function on S, and €, is the area two-form on S; € = \/m df N d¢ where
det g = 699q~¢¢ — ‘73 é is the determinant of g,;. Any one-form £, can be expanded as
§ = Epdl + §¢d¢. The covariant derivative of a one-form &, is expressed in terms of the

Christoffel symbols ', as
Vbt = 0adp — Fabcfc : (3.12)

The Riemann tensor of g,; has only one independent component
1
Roped = §R6ab€cd' (3.13)

Now we must choose a closed curve in order to find the Killing vector at a single point.
The equator (6§ = 7/2) is a convenient choice for the curve since it avoids the coordinate

singularity at the poles. The tangent vector v“ is then simply 8¢. The equations (3.10)
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then become

)

a%) — Tyyley+ g%, — Ly/dety,

9 0 6

5o~ Loo S0 tTes S

oL 1 00 06

% = §R\/detq<q €p+q €¢)- (3.14)

(In these formulas we do not sum over repeated indices.) These are three coupled, linear,
first-order differential equations in (p, §¢, L). The same equation holds for any line of
latitude (# = constant). The second-order Runge-Kutta method was used to solve these
equations. The initial data required for this equation are the values of (&, §¢, L) at, say,
¢ = 0. The solution of the equation will be (59,§¢,L) at ¢ = 2m. We are eventually
interested only in (fg,f(b), but the function L is necessary to transport the data. The

solution to these equations can be written in terms of a matrix M:

& &
€ =M | ¢, . (3.15)
L) (g=2m) L) (=)

To find the matrix M, we start with the initial data sets (1,0,0), (0,1,0) and (0,0, 1).
The solutions will give the first, second and third columns respectively of M. Next we
find the eigenvalues and eigenvectors of M. The eigenvector with unit eigenvalue is what
we want. In principle, we should verify that every closed curve starting and ending at
the point ( = 7/2,¢ = 0) gives the same eigenvector. However, as in any numerical
method, we only do this for a small number of curves. The eigenvector obtained in this
way is the only possible candidate for a Killing vector. Numerically, no eigenvalue is
exactly equal to unity; therefore, in practice, we choose the eigenvalue closest to unity
(see the next section). For the horizon to be axisymmetric or close to Kerr in any sense,
this eigenvalue should be very close to unity. If this is not the case, then this proves
that the horizon is not close to Kerr in any sense. All eigenvalues will be unity in the
spherically symmetric case.

Having found the eigenvector at the point ¢ = 0, we then transport it to every
grid point on the sphere. The curves used to transport the eigenvector are the lines of

latitude and longitude. Transport along constant 6 curves is done by equations (3.14),
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while for the constant ¢ curves we use:

0 0

% = Ty €9+F99¢£¢,

23

a—; = Fg¢9§g+rg¢¢§¢+lz\/det ,

oL _ 1 G0, o0

20 = 2R\/detq<q Ep+a §¢>. (3.16)

(Again, no summation over repeated indices.) Finally, having found ({9,%, L) at each
grid point, we now need to normalize the Killing vector & = (&, £¢) so that its integral

curves have affine length 27. To do this, we need to follow the integral curves of £%:

o _
dt

€6.0)  amd =09 (317)

and normalize the affine parameter ¢ so that its range is [0, 27]. Numerically, we only
have to make sure that £€% does not vanish at the starting point. While solving equation
(3.17) numerically, we will need the value of €% at points not included in the grid. We use
a second order interpolation method for this purpose. This finally gives us the normalized

symmetry vector ¢, which is used to calculate Jx from equation (2.48).

3.3 Numerical results

Using the results of sections 3.1 and 3.2, we can now refine the steps outlined in
the beginning of this chapter for calculating JA and MA such that we only require data

on a single spatial slice:
1. Find the apparent horizon S on a single spatial slice;

2. Check that the quantity s defined in equation (3.8) vanishes on S upto numerical

errors or is much smaller than unity;
3. Find the Killing vector ¢ on S satisfying £ olab 20,
3. calculate Jo and M using equations (2.48) and (2.56).

In step 3, we should also check that ¢® preserved w, and the equivalence class [¢(]. These
are easy to check in practice and we shall only focus on the non-trivial check £ Soqab 20.
The numerical results are given below.

In this section, we apply our approach to finding the Killing vector and our ability

to identify an isolated horizon. In order to validate our approach for identifying Killing
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vectors on S, we first test our method using analytic data (’Yija K;;) in a simple case for
which the location of S and its Killing vectors are also known; we consider the boosted
Kerr-Schild solution [15] with the basic parameters of mass M = 1, spin a = 1/2,
and a boost in the z-direction. The notion of a boost is well defined for metrics in
the Kerr-Schild form because of the presence of a flat background metric. By boosting
the black hole, we impose a coordinate distortion on the horizon, while retaining its
physical properties. For these test cases, we know that the horizon is isolated; and
we take advantage of only needing to compute quantities intrinsic to a two-sphere and
use spherical coordinates. The following steps were used to test the numerical code

maintaining second order accuracy at each step:

1. From the Kerr-Schild data, calculate analytically the apparent horizon two-metric
qup, the normal R,, and the components of the extrinsic curvature K, at the
location of the apparent horizon. Discretise these quantities using a spherical grid

on the apparent horizon.

2. Using the discretised data, find the unnormalized Killing vector, £%, at a single
point (in our case we choose this point to be (§ = m/2,¢ = 0)) through the

procedure described in the previous section, applying the Runge-Kutta method.

3. Solve both equations (3.14) and (3.16) to find £” everywhere on the apparent

horizon.

4. Normalize the Killing vector, ¢%, using interpolation and a Runge-Kutta method

for equations (3.17).

5. Calculate JA via equation (2.48), using RY given by the apparent horizon and ¢%
determined by steps 1-4.

The first step is easy if we have the analytic expressions for the relevant quantities.
In the second step, we have to find the matrix M described in equation (3.15) and find its
eigenvector with eigenvalue closest to unity. One can ask whether there is any ambiguity
in choosing the right eigenvalue; is it possible that more than one eigenvalue is close to
unity? In the spherically symmetric case (a = 0), all eigenvalues are equal to unity and
it is immaterial which one we choose; the angular momentum will be zero. When « is
sufficiently large, one eigenvalue is much closer to unity in magnitude as compared to
the other two. In our case, it turns out that the matrix M has one real eigenvalue A and

two complex eigenvalues Ap, £ iAp,,. Figure 3.1, a plot of the real and imaginary parts



38

of the eigenvalues as a function of a (for the un-boosted Kerr-Schild hole) , demonstrates
the unambiguous nature of the eigenvalue for large values of a. The ambiguity may arise
when a is very small. In figure 3.2, we plot both functions for a smaller range of a. Both
plots were generated for a resolution of d¢ = 7/80. The figures show that the correct
eigenvalue is typically easy to identify, because the other eigenvalues diverge from unity
rather rapidly and also, at least in this case, the ‘wrong’ eigenvalues are complex while
the correct eigenvalue is real.

Having found the correct eigenvector and therefore the Killing vector at a single
point, we then find it at every other grid point and use it to calculate JA. Figure 3.3
plots the values of the angular momentum of the black hole found using equation (2.48)
versus different values of the boost parameter for the Kerr-Schild data. Three different
resolutions are plotted, showing a second-order convergence rate towards the known
analytical value of Jo = 0.5 as expected. Although there is a slight loss in accuracy
as the boost approaches the speed of light, the angular momentum loses only 1% in
accuracy for the least resolved case in figure 3.3 when the boost parameter is increased
from 0 to 0.8. We obtained similar results for boosts in other directions.

A more realistic situation is to compute JA and M A during a numerical simulation
of a black-hole spacetime, in which the spacetime data will be given on a spatial grid.
To test our method in this case, we again use boosted Kerr-Schild data, but this time we
start with numerical data discretised on a Cartesian mesh on a spatial slice; this mesh
will not coincide with the spherical mesh on the apparent horizon. We use an apparent
horizon finder to locate the apparent horizon S and its unit spacelike normal R%, and
construct a spherical grid on the apparent horizon. Let dx and d¢ be the grid spacing
of the Cartesian and spherical grid respectively. We want the two grids to be of similar
spacing, i.e. we choose d¢ such that d¢ ~ dx/R where R is the coordinate radius of the
apparent horizon. The data are then interpolated onto the spherical grid, an additional
source of error. We extract the two-metric g,; numerically from the data, use it to find
the Killing vector field ¢%, and apply our formula for angular momentum. We present
a series of test cases involving the black hole in boosted Kerr-Schild data. One is static,
and three others have a spin of 1/2 about the z-axis, with one of the spinning holes
boosted perpendicular to the spin along the x-axis, another parallel to the spin along
the z-axis. Table 3.1 lists the different scenarios. Due to the additional complexity of
having the data in a mesh that is not the one on S where the calculation is done, we have
to deal with two different numerical grids. We refined both the Cartesian grid and the

spherical grid intrinsic to the apparent horizon to perform convergence tests. All runs
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Fig. 3.1. Plots of the real and imaginary parts of the eigenvalues of the matrix M (defined in
eqn. (3.15)) versus a large range of the spin parameter a.
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Fig. 3.3.  The numerically computed angular momentum of the black hole at different boosts
for a black hole with mass M =1 and spin @ = 1/2. Three different resolutions d¢ are shown.

Table 3.1. Various parameter values for the boost and spin considered in the text

Scenario | M a Uy U,
I 10 0 0

11 1 1/2 0 0
111 1 1/2 1/2 0
v 1 1/2 0 1/2
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were performed with three resolutions: 1. dx = 1/4, d¢ = 10°; 2. dx = 1/8, d¢ = 5°;
3. dr = 1/16, dp = 2.5°. Figure 3.4 shows JA versus resolution, and figure 3.5 displays
M A versus resolution, showing second-order convergence to the known solutions for each
of the cases described in table 3.1. In addition to Jo and M A, we also monitor how well
we converge to a truly isolated horizon, one in which the shear ¢ is zero. Figure 3.6 plots
the value of o versus resolution and demonstrates second-order convergence toward zero.
As expected due to additional errors, the convergence factors are not as good as in the

case of analytic data; but are still acceptable for second order convergence.

3.4 Comparison With Other Methods

In this section we want to compare our method of finding the mass and angu-
lar momentum of a black hole in a numerical simulation with other methods that are
commonly used.

Note that the method proposed in this paper has three advantages: (i) it is not
tied to a particular geometry (like the Kerr geometry), (ii) it is completely coordinate
independent, and (iii) it only requires data that is intrinsic to the apparent horizon. The
commonly used alternatives for calculating mass and angular momentum do not share
all three of these features.

Owing to the uniqueness theorems of classical general relativity, it is commonly
believed that a black hole that has been created in a violent event will radiate away
all its higher multipole moments and settle down to form a Kerr black hole near the
horizon. One strategy for assigning a mass and an angular momentum to a black hole
is then to identify the member of the Kerr family one is dealing with and to read off the
corresponding mass and angular momentum parameters.

While this strategy is physically well motivated, and one does expect the final
black hole to be close to Kerr in some sense, we can refine this strategy considerably.
The main difficulty with this method is that there are many subtleties and open questions
regarding the issue of uniqueness of the final black hole. To briefly illustrate this point, let
us consider the isolated horizon describing the final black hole. The intrinsic geometry
of the horizon is, by definition, time independent. However, it is not necessary that
four dimensional quantities evaluated at the horizon must also be time independent.
For instance, using the Einstein equations at the isolated horizon, it turns out that the

expansion and shear of the inward pointing normal n may not be time independent;
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Fig. 3.4. Resolution tests for the angular momentum J of the horizon. The scenarios II — IV
are explained in table 3.1.
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Fig. 3.5. Resolution test for the mass Ma of the horizon. The scenarios IT — IV are explained

in table 3.1.
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Fig. 3.6. This graph shows the Ly norm of Ty We see that it converges to zero, indicating
that the horizon is isolated. The scenarios IT — IV are explained in table 3.1.
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these quantities decay exponentially [5] (see eqn. (4.11)). This means that the four-
geometry in the vicinity of the horizon is generically not time independent, and hence
may not be isometric to a Kerr solution. It is also not clear whether the four geometry
tends to the Kerr geometry as we approach future time like infinity. Clearly, what we
need is an analog of the black hole uniqueness theorems, which have so far only been
proven for stationary spacetimes. To answer these important questions, it is imperative
that one does not assume a Kerr geometry from the beginning. In particular, it is
desirable that we not use the Kerr geometry to calculate angular momentum and mass.

If one nevertheless makes the assumption that the final black hole is described by
a Kerr geometry, one has to find a way to identify the particular member in the Kerr
family. The method that is most commonly used is the great circle method which is
based on properties of the Kerr horizon found by Smarr [16]. It can be described as
follows:

In the usual coordinates, let L, be the length of the equator and Lp the length
of a polar meridian. Here the equator is the great circle of maximum length and a polar
meridian is a great circle of minimum length. The distortion parameter ¢ is then defined
to be (L, — L;)/L,. Smarr then showed that the knowledge of 6, together with one other

or L, is sufficient to find the parameters m and a of the Kerr

quantity like area, L, D

geometry.

The difficulty with this method, apart from relying overly on properties of the
Kerr spacetime, is that notions such as great circles, equator or polar meridian etc. are
all highly coordinate dependent. If we represent the familiar two-metric on the Kerr
horizon in different coordinates, the great circles in one coordinate system will not agree
with great circles in the other system. The two coordinate systems will therefore give
different answers for M and a as calculated by this method. In certain specific situations
where one has a good intuition about the coordinate system being used and the physical
situation being modelled, this method might be useful as a quick way of calculating
angular momentum, but it is inadequate as a general method.

The problem of coordinate dependence can be dealt with in axisymmetric situa-
tions; assume that the coordinate system used in the numerical code is not adapted to
the axial symmetry. The idea is to use the orbits of the Killing vector as analogs of the
lines of latitude on a metric two-sphere. The analog of the equator is then the orbit of
the Killing vector which has maximum proper length. This defines L, in an invariant

way. The north and south poles are the points where the Killing vector vanishes, and the
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analog of Lp is the length of a geodesic joining these two points (because of axial sym-
metry, all geodesics joining the poles will have the same length). Since this geodesic is
necessarily perpendicular to the Killing vector, we just need to find the length of a curve
which joins the north and south poles and is everywhere perpendicular to the Killing
orbits. With L, and Lp defined in this coordinate invariant way, we can follow the same
procedure as in the great circle method to calculate the mass and angular momentum.
This method can be called the generalized great circle method.

How does the generalized great circle method compare to our method? From a
purely practical point of view, note that this method requires us to find the Killing vector,
to determine the orbit of the Killing vector with maximum length, and to calculate the
length of a curve joining the poles which is orthogonal to the Killing orbits. The first
step is the same as in the isolated horizon method presented in this paper. While the
next step in the isolated horizon method is simply to integrate a component of the
extrinsic curvature on the horizon, this method requires more work, and furthermore,
the numerical errors involved are at least as high as in the isolated horizon method.
Thus the simplicity of the great circle method is lost when we try to make it coordinate
invariant, and it retains the disadvantage of relying heavily on the properties of the Kerr
geometry.

It should also be mentioned here that there exist exact solutions to Einstein’s
equations representing static, non-rotating and axisymmetric black holes. Examples of
such solutions are the distorted black hole solutions found by Geroch and Hartle [8]
or the solutions representing black holes immersed in electromagnetic fields [17]. The
apparent horizons in all these solutions are distorted, and the generalized great circle
method will give a non-zero value for the angular momentum. While these solutions
are not relevant for numerical simulations of binary black hole collisions, they represent
physically interesting situations in which a black hole is surrounded by different kinds
of external matter fields which distort the black hole; these black holes may have some
relevance astrophysically. These solutions show that the generalized great circle method
cannot be correct in general. They also illustrate that the great circle method will in
general give results that are different from the ones obtained using Komar integrals. See
appendix C for an example of such a distorted black hole.

A completely different approach to finding the mass and angular momentum of
a black hole in a numerical solution is to use the concept of a Killing horizon. Since
in a numerical simulation one is interested in highly dynamical situations, one can not

assume the existence of Killing vectors in the whole spacetime. Instead one assumes that
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stationary and axial Killing vectors exist in a neighborhood of the horizon, and then uses
appropriate Komar integrals to find the mass and angular momentum.

While this method is coordinate independent and does not rely on a specific
metric, it has two disadvantages when compared with the isolated horizon approach.
First, it is not a priori clear how the stationary Killing vector is to be normalized if it is
only known in a neighborhood of the horizon. Secondly, this method requires the Killing
vectors to be known in a whole neighborhood of the horizon. Computationally this is
more expensive than finding a Killing vector just on the horizon. Conceptually it is also
unclear how big this neighborhood of the horizon should be. Furthermore, at present
there is no Hamiltonian framework available in which the boundary condition involves
the existence of Killing vectors in a finite neighborhood of the horizon. In a sense,
the isolated horizon framework extracts just the minimum amount of information from
a Killing horizon in order to carry out the Hamiltonian analysis and define conserved

quantities.
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Chapter 4

Extracting physics from the strong field region

Thus far, in this thesis we have been mainly concerned with the intrinsic geometry
of the black hole. It turns out that the isolated horizon framework can also be used to
study the near horizon geometry of the black hole [1]. This is potentially a very useful
tool in numerical relativity. Section 4.1 explains the general construction and is based on
[1]. Section 4.2 gives the basic equation used to restrict the choice of null normals on a
weakly isolated horizon (this was derived in [5]). In this section we also give the numerics
for implementing these results. This is work in progress carried out in collaboration with
Ken Smith. Finally, section 4.3 describes some invariant ways to pick the preferred cross-
sections of an isolated horizon which were discovered by Jerzy Lewandowski and Tomasz

Pawlowski.

4.1 Near horizon geometry

While the isolated horizon boundary conditions only constrain the intrinsic ge-
ometry of an isolated horizon A, by a procedure analogous to the one usually carried out
at null infinity to construct the Bondi coordinates, we can obtain an invariantly defined
coordinate system in a neighborhood of A. As we shall explain later in this section, this
coordinate system can be used to study the strong field region. Let us first describe the
construction.

Assume for now that there is a preferred equivalence class of null normal [¢*] and
a preferred family of cross sections on a weakly isolated horizon A; we shall show in
sections 4.2 and 4.3 how this can be accomplished. Using terminology from null infinity,
we will refer to the preferred sections of A as the good cuts on A. Assume further that
this is a non-extremal horizon, i.e. K(0) # 0. Pick a null normal /% from the equivalence
class [¢“]; this can be done e.g. by choosing a value for surface gravity. Let n, be the
unique one-form satisfying ¢“n,, £ _1 and which is orthogonal to the good cuts. Let

(v,0,$) be coordinates on A such that v is an affine parameter along (*: ¢ = 9,, the

v

good cuts are given by surfaces of constant v and 6 and ¢ are coordinates on the good

cut satisfying L ;0 £ 0 and Lo £0.
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Consider now past null geodesics emanating from the good cuts with —n as
their initial tangent vector (the index of n, is raised using the four metric). Let the
null geodesics be affinely parameterized and let the affine parameter be caller r and set
r =1y on A. Lie drag the coordinates (v,0,¢) along the null geodesics. This leads to
a set of coordinates (r,v, 6, ¢) in a neighborhood of the horizon. This coordinate system
will break down when the null geodesics start to cross. The only arbitrariness in this
coordinate system is in the choice of (6, ¢) on one good cut and the choice of r().

We can also define a null tetrad in the neighborhood in a similar fashion. Let
m® be an arbitrary complex vector tangent to the good cuts such that (¢,n,m,m) is
a null tetrad on A. Using parallel transport along the null geodesics, we can define a
null tetrad in the neighborhood. This tetrad is unique upto the spin rotations of m:

m — 2% m. This construction is shown in figure 4.1.

v= const.
surface

’

geodesic

Fig. 4.1. Bondi-like coordinates in a neighborhood of A.

This invariantly defined coordinate system and null tetrad can be used to address
some issues in numerical relativity. For example, the aim of many numerical simulations
is to extract the gravitational waveforms produced say, during a binary black hole colli-

sion. The Weyl tensor component ¥, (see appendix A) will contain information about
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the waveform. The null tetrad presented above can be used to calculate ¥, invariantly.
By expressing all quantities in the preferred coordinates and basis, this will also enable
us to compare different the results of different simulations which may use very different
coordinates, initial conditions etc. The past null cone of a good cut at a sufficiently
late time can be used as an approximate null infinity. This will enable us to calculate
dynamical quantities such as the analog of the Bondi mass, rate of energy loss from the
black hole etc.

4.2 Finding the preferred null normal

The construction described in the previous section has the following essential

ingredients:
1. Finding a preferred null normal ¢%.
2. Locating the good cuts of the isolated horizon.
3. Integrating the null geodesics emanating from the good cuts.

In this thesis we will consider the first two steps. The integration of the null geodesics
will be discussed elsewhere. In this section we show how a preferred ¢ can be found
numerically. We refer the reader to [5] for further details about the geometry of isolated

horizons.

4.2.1 Constraint equation on a WIH

Our condition for picking out the preferred null normal is based on putting re-
strictions on the expansion H(n) of the ingoing null normal n%. We will first find the
restrictions placed on the time derivative of 0(n) by the Einstein equations. Since time
evolution here corresponds to motion along ¢ which is tangent to A, this amounts to
finding a constraint on the WIH data ([¢], ¢,p, D,)-

We begin by recalling some notation. Let (A,[{]) be a WIH and let S be a
cross-section of A. Denote the one-form normal to S by n,; we choose n so that it
satisfies Eana £ _1,dn 20 and Lm, £ 0. Let n, be an extension of n, to the full
spacetime: n = n,; we are free to add any multiple of /, to n,. As usual, let V, be
the four dim:e_nsional derivative operator compatible with the four-metric g, g, the
induced metric on A, D, the induced derivative operator on A (see eqn. (2.20)); g,y is

the Riemannian two-metric on S and 5(1 the unique derivative operator on S compatible
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with g,p. The tensor Zja b.— qz +na€b +£anb is the projection operator for the surface S.
Following [5], we also define the quantities S,; = S(ab) := D,np, and §ab = @‘(Cl@gl)cnd.
The trace of S}, gives the expansion 9(n) while the trace free part gives the shear T(n)-
The geometry of a WIH is completely specified by ([¢], ¢,p, P,,).- We shall only consider
non-extremal horizons, i.e. we shall only consider those null normals for which surface
gravity is non-zero. The extremal case is discussed in [5].

From the definition of the four-dimensional Riemann tensor
A d
2v[avb]ﬂc = Rope ng- (4.1)

Pulling back all covariant indices in this equation to A and contracting both sides with

¢ we obtain

(*(D,Dyy — DyDy) 1 2 Rabcdgand (4.2)
where n® is a null vector satisfying gabnb = n,. Note that we are free to change

n, — ng + h, for any smooth function h; however, due to the properties of the Weyl

tensor and eqn. (2.25), the above equation is insensitive to this ambiguity. For a given

¢*, the vector n® in uniquely determined by the requiring it to be null and to satisfy
A

l,n® = —landg, bnb = n,. Using the definition of the Lie derivative and symmetrizing

on the indices b and ¢, the above equation can be written as
N a d
L ySpe = D(bwc) + W(pWe) + Ra((b_c)dﬁ n (4.3)

where we have also used the definition of w,, (see eqn. (2.5)). The antisymmetric part of

this equation is equivalent to eqn. (2.28). Finally, projecting to S we get

3 I N~ ~ ~ d
L (Sap 2~k ()Sab + D(a@p) +Pay + T 47" Re(pgyal ™ n” - (4.4)
The Riemann tensor term can be conveniently written as
.73 IR and = 1 4 lavgap (4.5)

where ﬁab is the intrinsic Ricci tensor of S. To prove this, note that the surface S
has codimension 2 if it is considered to be embedded in the four-dimensional spacetime.

Furthermore, /* and n span the directions orthogonal to S whence it follows that the
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second fundamental form of S is characterized by two extrinsic curvatures

() _~p=4q (n) _~p>dg =
K, =aq,"q, Viply and K, =a, q, Vpiig. (4.6)
With these definitions, it is easy to prove the following relation between the two-dimensional

and four-dimensional curvature tensors:

- e g T (
Rabed = 4,73 13,70, Rogrs — 2K VK )

pars — 2K Ky o1V ™) (4.7)

cla” bld

This equation is invariant under boost transformations of £ and n and can be viewed as
an extension of the usual Gauss-Codazzi equation for a hypersurface of unit codimension.
Since V¢, £ 0 for a WIH, we immediately see that KC(L? £ 0 whence it follows that

>3 _ ~ P~ G~ T~ S8
Rabcd —qaqu qC qd qurs (48)

Contracting both sides with (}b d gbd+2n(b£d) and using the symmetries of the Riemann
tensor yields eqn. (4.5) which is what we wanted to show. Using this result, eqn. (4.4)
becomes

£ Sy 2 = () Sap + D) + Gy — 5Rap + 53,7, 'R (4.9)

2 2%a pq

This is the key result we were looking for. It relates the time derivative of the expansion
and shear of n? to the matter fields via the four-dimensional Ricci tensor and it tells us
that H(n) and 9(5) need not be time independent on a WIH. This is in sharp contrast to
a Killing horizon on which all geometrical fields are time independent. Apart from the
constraint that K () must be constant, eqn. (4.9) is the only constraint on ([¢], g,3, D,,)-
To proceed further, we make the additional assumption that the spacetime Ricci tensor

is time independent on A:
~ Pz 4 A
Ly (qa a, qu) =0. (4.10)
This condition is independent of the choice of £ on A considered as a NEH. Typical
numerical simulations of say, binary black hole mergers focus on vacuum spacetimes
where this condition is trivially satisfied. With this assumption, we can solve eqn. (4.9)
and obtain the explicit time dependence of gab‘

3 —k(p)v (0 I (5 ~  ~~ 15 1. pe
Sab =€ (€) S((lb) + % (D(awb) + WaWp — §Rab + Eqaqu quq> (411)
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where v is the affine parameter along (% (¢* = 9, and we have used the fact that the
only time dependence in eqn. (4.9) is in gab' This tells us that gab (and hence 9(6) and

a(g)) approach their equilibrium values exponentially.

4.2.2 Elliptic equation for finding the preferred null normal

With eqn. (4.9) at hand, we are now ready to describe the method used to select
a preferred null normal. Though it is not difficult to include matter fields, we shall only
consider vacuum spacetimes in this section.

The first condition we impose is to require that the surface gravity be constant;
this is, of course, just the condition for a non-expanding horizon to be a weakly isolated
horizon. However, as discussed in section 2.3, this does not select a unique equivalence
class [f]; given a null normal /% with constant surface gravity K (£) the null normal

A 0% has constant surface gravity %) for any function f of the form

(4.12)

where v satisfies £yv = 1 and B satisfies £L,B £ 0. In a given equivalence class [f],
fixing the value of surface gravity enables us to pick out a preferred ¢, but the above
equation shows that there is an infinite number of ways of choosing [¢].

We will now see that we can indeed pick out a preferred [¢] by imposing an
additional condition on the expansion of the inward pointing null normal. First define

the symmetric tensor N(%), associated to a null normal ¢, by the following equation:
£ D, 2 ~NWDece (4.13)
0 FalSh — ab c :

where &, is an arbitrary one-form intrinsic to A. To prove the existence of N, we use
the fact that there exists a tensor Cy;° such that [£ g, D¢, = CypE, and C[@b}c £ 0.
The existence of Cabc is guaranteed by the properties of the differential operators £ y and
D,. Furthermore, if h, satisfies ¢“h, £ 0, then using eqns. (2.25) and (2.5), it can be
shown by a direct calculation that [£ y, D]k, £ 0. From this it follows that C,,°h,. = 0
for any h,. orthogonal to £°, which in turn implies C,;© = —N(%)BC.

The tensor NCS? is just the time derivative of S;. To show this, just set = ny,
in eqn. (4.13) and obtain N L2 ¢S4p- Furthermore, on weakly isolated horizons, Nc(l?

is transverse to £. To show this, note that for any vector field X% tangent to A, using
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eqn. (4.13) and the Liebnitz rule:

b 0) b
£, D) X0 2 N Dby, (4.14)
Setting X £ (¢ leads to
NOP 2 0 (4.15)

which shows that for a WIH, Néi)éb £ 0. Finally, if £% is rescaled ¢* — A= 0%, then

N(g? transforms as follows

f N%’) 2 NG 4 ngﬁ)pb) f+D,Dyf . (4.16)

This shows that Nf;b is a property of the equivalence class [¢] because N (?

M is unchanged

under constant rescalings.
Our condition for selecting a preferred [¢] is to require that N, be trace free.
Given a WIH (A, [f]) for which §*N'0) 2 0, we want to find a WIH (A, [¢]) for which

/
aabthi) £ 0. To do this, first substitute f from eqn. (4.12) into eqn. (4.16) and project

onto S using q~£ to obtain
_ab (¢ —ab (¢ —K(n\U [<2 - —ab>
02 ;7N 2 (g NG) 4 O D2 420D, w75y B (@)

where we have set v = 0 on the given section s and used n, = —D,v. This is an
elliptic equation for the time independent function B. Some of the coefficients of this

elliptic equation (S, N,

ob and e_H(é)v) depend on time and we need to show that this

equation admits time independent solutions for B. We have already found the explicit
time dependence of §ab is eqn. (4.11) and we can substitute that result here and use
Ny = L ¢S,y to obtain

U U |
D2+2waDa+Dawa—§R+§§abRab]B

([: ge(n)>5 (4.18)
where we have assumed that the spacetime is vacuum (R,;, = 0). We have also set

~( 0) . ~
H(E)Sab = <£g5ab>1}:0 (4.19)
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and the expansion H(n) is defined in the usual way: 9(n) =q abgab' We have to solve
eqn. (4.18) in order to find B and thereby fix the null normal ¢ uniquely. There will be
a unique solution for B if the elliptic operator on the LHS of eqn. (4.18) is invertible;
this will be true in the generic case.

Based on this discussion, we are now ready to list the steps required to find the
preferred null normal in a numerical simulation. We assume that we are given data
on a spatial slice ¥ and that the apparent horizon S on X has been located. Denote
the canonical outgoing and ingoing null normals to S by ¢0) and n(0) respectively (see
eqn. (2.1) and figure 2.1).

1. First calculate the area A of S and its angular momentum JA. Here we assume
that the horizon is isolated within numerical errors (use eqns. (3.8) and (3.9)) and
the fact that the horizon is axisymmetric. The angular momentum is calculated
using the method described in chapter 3. Using Ap and Ja, calculate the canonical

value of surface gravity () using eqn. (2.55).

2. Find some null normal £ such that its surface gravity is (. In general, it may not
even be true that the surface gravity of the canonically defined null normal ¢(0)
is constant; we have to find a null normal ¢ = f ©¢0) for which 0 is given by
eqn. (2.55). Using the transformation property of surface gravity (eqn. (2.8)), we

see that the function f 0) is found by numerically solving the following equation
(0) _ _
Loft + flf(g(o)) = K(gp) =Ko - (4.20)

Note that we do not need to solve this equation everywhere on A, we only want
f ©) on s. Therefore, we only need data on three spatial slices (so that we can
take centered differences to approximate time derivatives) in order to solve this

equation.

3. If it turns out that (£ é‘g(n)) g = 0, then ¢ is the preferred null normal. However,
in general, we need to solve eqn. (4.18) to find the function B at all points of S.

The preferred null normal ¢ is then given by ¢/ £ f¢ where f is the function
f=14 Be "0V, (4.21)

Here we have used eqn. (4.12) with K() = KO-
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4. Having found ¢ at points of S, we can then solve the geodesic equation for 7 to

find the preferred null normal at all points of A.

Step 1 has already been numerically implemented in chapter 3. In the rest of
this section, we shall focus on step 3 which involves solving an elliptic equation on
the apparent horizon. Steps 2 and 4 require us to solve a differential equation along /¢
and have not yet been implemented numerically though we do not see any conceptual
difficulties.

In order to solve eqn. (4.18), we need to calculate all the coefficients of the elliptic
equation. The one form w, on S can be calculated from the extrinsic curvature by
replacing % in eqn. (2.48) by an arbitrary vector £* tangent to S. We will then obtain
the result

€, 2 ROK . (4.22)

where RP is the spacelike normal to S. This demonstrates that w, = K, bRb. All the

other terms on the LHS of eqn. (4.18) are uniquely determined by the two metric g,p.

To calculate the RHS of eqn. (4.18), we can either calculate the time derivative of H(n)
(0)

directly or alternatively, we can use eqn. (4.11) with v = 0 to calculate gab and hence

its trace q abgé(;). At present, we have a working code in which all these steps have been
implemented.

We want to solve eqn. (4.18) numerically on the apparent horizon assuming that
we are given the metric and extrinsic curvature on spatial slices. Note that, except for the
spacetime curvature R, all other quantities in eq.(4.18) only require data on a single
spatial slice. In vacuum, we will have R, = 0 so that eq.(4.18) can be solved using only
the knowledge of quantities on a single spatial slice. For this purpose, eq.(4.18) can be

rewritten as
7" 0,0+ X 0, + F| B2 G (4.23)

where

1~
F =D, — 572, X% = —apqrgq +20%  and G= L0 - (4.24)

Let us use arbitrary spherical coordinates (6, ) on the AH and let 9, be the canonical

flat derivative operator in these coordinates. Then we can write 5a§b = 0,8 — sz§c
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for any one-form &, and sz is uniquely determined by the two-metric g,;. In spher-
ical coordinates, there is the well known coordinate singularity at the poles where the
coordinate ¢ and the vector field Jy are not well defined. To avoid this problem, we
introduce a grid which does not include the poles as shown in figure 4.2. If (A6, Ayp)
is the grid spacing in the 6 and ¢ directions, then the grid points in the theta di-
rection are 0 = A0/2,3A60/2,..., 7 — Af/2 and grid points in the ¢ directions are
0 =0,A0,2Ap,...,27 — Ap. Let (0]-, ¢}.) denote an arbitrary grid point. The range
of the indices (i,j) are j = 0...Ny and k = 0...N,, where Ny = 7/A6 — 2 and
N, =2m/N,. Denote the value of any function f(6,¢) at (0, ¢;) by fji. We wish to
approximate eq.(4.23) on this grid using finite differences.

We impose periodic boundary condition in the ¢ direction: B(6,0) = B(0,2).
For now, exclude the points next to poles and the meridian ¢ = 0; consider only the
points (7, k) such that j # 0, Ny and k # 0, N<P' At these points approximate the partial

derivatives as follows:

0B Bjt1k — Bi-1k 2
<%>jk - 270 +0(a%)
0B Bjk+1— Bjr-1 9
<%>jk = N +O(As0 ) ;
2
B Bii1r+B; 1 —2B;
o5 5 = i L s LY, (A92) , (4.25)
0% ) . Af
0°B Bipi1+ B 1 —2B;
( ) _ Dpk4l ]J€2 1 ik Lo (Ag02> 7
09% ) ik Ap
32_3 _ Bivik+1+Bj—1k—1— Bjp16—1 — Bj—1k41
0900 ) .. B 4A0A
J

+ 0 <A92> +0O (A&) .

Substituting these approximations into eqn. (4.23) we obtain the difference equation
away from the poles and the meridian ¢ = 0. It is very easy to take care of the ¢ = 0

curve by imposing the periodic boundary condition

Bjo=DBjnN,- (4.26)

Using this boundary condition, we obtain analogues of eqn. (4.25) on the meridian ¢ = 0.
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2n-AQ 0 Lo 20@ 3D¢

Fig. 4.2. Numerical grid on the apparent horizon used to solve the elliptic equation. In order
to avoid the coordinate singularity at the poles, the grid is staggered by an amount A#/2 so that
the poles are not on the grid. This figure shows the grid near the north pole only.
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To deal with the points near the poles, we take finite differences across the poles.

For example:

0B B(3A0/2,p) — B(AO/2,p + )
— ~ (4.27)
%) (80/2,0) 280

Assuming that N(p is odd so that we have an even number of grid points in the ¢
direction, we obtain the following expressions for the partial derivatives at § = Af/2 (we
have set M, := (N, +1)/2) :

By, — B
0B 1,k Oak—'_M(p 9
htnd — Af
( a8 >0k Y, +0(a0%)
0B By k41— Bok-1 2
—— = ’ : O(A
(‘990)% 2Ap + ( v ) ’
9’B By, + By gyn, — 2By
_2 _ 57 e (A92) : (4.28)
962 ) . Ab
9°B By +1+ Bo k-1 — 2By 1
[ — ? + ) 2 bl + O <A(p2> ,
dy Ok Ay
9°B By g1+ Bo kM, 1~ Bo k-1~ Bok+M,+1
0ol 0k - 4A0Ap

+ O<A92)+O(A@2).

The approximations at the points § = m — Af/2 will be similar and we shall not write
them out. Substituting all these finite differences into eqn. (4.23), as for any elliptic
equation, we end up with a matrix equation MjkBk: = Gj and the problem has been
reduced to the inversion of the matrix Mjk' The numerical implementation of this

scheme is work in progress and is being carried out in collaboration with Ken Smith.

4.3 Invariant foliations of the horizon

In this section we shall be concerned with the existence of preferred foliations
of a non-extremal horizon. As mentioned in section 4.1, this is an important step in
constructing the coordinate system in a neighborhood of A.

Consider a weakly isolated horizon (A, [¢]). The key relation we need is eqn. (2.26)
which relates dw to the area two-form %. In the non-rotating case (Im [¥9] = 0), we

have dw £ 0 whence w,, is hypersurface orthogonal. Furthermore, since (“w, = K (1) #0,



99

the surfaces orthogonal to w, are transverse to £ and must therefore be topological two-
spheres. This gives the foliation in the non-rotating case. In the Schwarzschild horizon,
this foliation coincides with the one given by the constant v slices in ingoing Eddington-
Finkelstein coordinates.

We are interested in the more general case when Im [Uy] #= 0. Eqn. (2.26) shows
that while w, cannot in general be projected to the base space A (see figure 2.2) because
(®w, # 0, its curvature can be projected because Eazeab £ 0 and also Im [W9] is constant

along any ¢ € [¢]. Denote the projection of dw by dw:
dw = 7* (dw) = 2 (Im [W5]) %€ (4.29)
Our strategy is to now find a one-form & on A which is a potential for dw:
da =2 (Im [¥y]) %¢ (4.30)

where d is the exterior derivative on A. If we can uniquely find @, we can then pull
it back to A to obtain a one-form a on A satisfying (o, £ 0 and £ ja £ 0. Most
importantly, & and w have the same curl: dw £ do. Thus, if we define 7 := w — «, then
7 is hypersurface orthogonal (dn = 0) and transverse to £. Thus the leaves of the desired
foliation are the surfaces orthogonal to 7.

The issue of finding a foliation on A has thus been reduced to that of finding a

one-form & on A. To determine @, use the Hodge decomposition:

~ ~

a=dp+%dp (4.31)

where ¢ and § are functions on 3, and * is the Hodge dual on A. In this decomposition
we have used the fact that there are no Harmonic one-forms on a two-sphere.
Since the curl of w is determined by Ws, the function § is determined from

eqn. (4.30) by solving a Poisson equation

da = divB = 2 (Im [Iy]) 2¢. (4.32)

In order to determine v and thereby fix @ uniquely, we need to impose an additional

gauge condition on the divergence of &

d1a = divy. (4.33)
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We shall now present two such gauge conditions. The first condition which may be called
the natural gauge condition is to simply set @ to be divergence free (c? fa = 0), which
implies ¢ = 0. While this seems to be the most natural thing to do mathematically,
unfortunately, it turns out that for the rotating Kerr metric, the foliation obtained by
this procedure does not coincide with any of the commonly used foliations of Kerr.
There is another gauge condition found by T. Pawlowski which, when applied
to the Kerr metric, gives the correct result; we shall call this the Pawlowski gauge. To
understand this gauge condition, note that there is one situation when w can be projected
to ﬁ, i.e. in the extremal case when (?w, £ (. It turns out that for the extremal Kerr
isolated horizon
divw = —%div In Wy . (4.34)

We can use this relation as a gauge condition for determining v and, remarkably, it turns
out that the foliation obtained by this condition agrees with the Kerr-Schild cuts of the
horizon. One might worry that if ¥ vanishes at any point, then eqn. (4.34) is ill defined.
While this is a valid point, we should point out that if the black hole we are considering
is a perturbation of Kerr, it is highly unlikely that W9 will vanish at any point. Thus,

this gauge condition probably satisfactory for most numerical work.
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Chapter 5

Application to initial data sets

All numerical evolutions of spacetimes require initial data of some kind; we focus
on the 3+ 1 formalism wherein initial data is provided on a spacelike hypersurface. The
result of the numerical evolution will depend strongly on the initial data used because the
radiation present in the initial data will be included in the final gravitational waveform.
It is therefore important to choose initial data sets representing astrophysically realistic
situations.

One way of comparing different initial data sets is to look at the binding energy.
Consider two different data sets representing approximately the same physical situation,
i,e. the two black holes are roughly the same distance apart and have the same spins
and same orbital angular momentum. The binding energy between the black holes is
defined as Ej, = Mapn — My — Mg where Mpp is the ADM energy and My, My are
the individual masses of the black holes. Naively speaking, Ej will be made up of two
parts: the first part which we call E. will consist of the Coulombic interaction between
the holes (E.which will be negative) and the energy due to gravitational radiation E,
(which will be positive): Ej = E.+ E,. (in general, £ will also have a contribution
from the Kinetic energy of the black holes but for now we ignore this possibility). We
want our initial data to have as little radiation content as possible, therefore we want to
make Ej as negative as possible. This provides a way of comparing two different initial
data sets: the one with lower Ej represents the ‘better’ initial data. In fact, this idea
has recently been applied in [18]. In this section we want to explore some aspects of
binding energy from the perspective of isolated horizons. In particular, we shall use the
Brill-Lindquist data as a prototype because it is one of the few situations which can be

handled analytically.

5.1 The Brill-Lindquist initial data

The Brill-Lindquist initial data [19] describes a spatial slice containing an ar-

bitrary number of non-rotating black holes. It is easy to motivate by looking at the
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Schwarzschild metric in isotropic coordinates (r, 6, ¢) for which the three-metric is

A5 = (1+ §)4 (0ur0yr +r(d2%) ) (5.1)
where (dQ2) ab = 0,00,0 + sin’ 00,90pp. The extrinsic curvature of the spatial slice is
zero. The topology of the spatial slice is the familiar Schwarzschild wormhole (see figure
(5.1)) which is the same as R2 with one point removed (the puncture). In isotropic
coordinates, r = 0 at the puncture and r = oo in the asymptotic region. Even though
the metric component in equation (5.1) diverges as r — 0, the coordinate transformation
r— 1 = m2 /4r shows that it is asymptotically flat near the puncture. This is to be
expected because the puncture is just an asymptotic region in the wormhole picture.

The Brill-Lindquist initial data is a generalization of this. It is still time symmetric
(K, = 0) and conformally flat (v, = ¢45ab where 0,5 = 0,70, + (dQ2)ab). The
number of punctures is equal to the number of black holes we want. In this thesis,
we shall be interested in the case of two black holes. For now, let us assume that the
spacetime is vacuum.

The constraint equations reduce to a Laplace equation for the function ¢(r,6):

V2¢ — 0 where V2 is the laplacian of the flat background metric §,;. The solution to

this equation is

a o
p=1+ o+ (5.2)

G I ]
where a; (i = 1,2) are constants, 7; is the vector representing the location of the ith
puncture; |77 — 77| is the Euclidean distance between a point 7 and the it puncture.

The generalization for arbitrary number of black holes is obvious. The topology of the
initial data surface consists of two separate wormholes connecting two different asymp-
totic regions to a common asymptotic region (see figure (5.2). For our purposes, it is
more useful to think of this three-surface as R® with two punctures at 7} and 7. It is
convenient to put the black holes along the z-axis and to set and to introduce a new
parameter d := || — 79|. We choose to put the first black hole at the origin and the
second black hole at z = d on the z-axis (see figure (5.3). With these conventions, the

metric with two punctures can be written as

4
Yab = (1 +2L 4 %> (0urdyr + 7 (a9%) ) (5.3)
1 L)
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where

r=r and ro = \/r2 +d% — 2dr cos . (5.4)

5.2 Binding energy

5.2.1 The original Brill-Lindquist calculation

We now explore various properties of the Brill-Lindquist data. In particular, we
are interested in the interaction energy between the two black holes. Let us first review
the original calculation of Brill and Lindquist [19].

The first important step in this calculation is to assign a value of mass to each
individual black hole. The proposal in [19] is to use the ADM mass calculated on the
individual asymptotic regions as the mass mg)M (i = 1,2) of the individual black holes
and the ADM mass on the common asymptotic region as the total mass Mjpp;. Con-
ceptually, this means that we are associating the punctures (or the asymptotic regions)

with the black hole. The interaction energy is then defined to be

1 2
Eb?ZAIADN[—7ng%NI—7ng%NT (55)

All these quantities can be calculated ezactly for the metric in equation (5.3):

1 20019 2 201 a9
mEXI))M = 2a1 + —q mEX])DM =209 + 7
AJADNI = 2a1#—2a2. (56)
We shall mostly focus on the case when
€ = A« and €9 1= 22«1, (5.7)

d d

The notation O(e") will be used to denote terms which are nth

order in €; and €9.
Eqn. (5.6) then leads to following expression for Ej, in the limit when d is large compared

to both o and ay:

daqa mim )
By=——122 - T2 L 0(P). (5.8)

The leading term reproduces the Newtonian result and the higher order terms give the
relativistic corrections. It is not difficult to obtain the exact expression for Ej, but for

now we only need the leading order term.
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This calculation can also be repeated for the case when the black holes have charge
and we obtain the result
By= -T2 01 o (2) 59)
d d
where ¢; is the charge of the individual black holes calculated at infinity in the appropri-

ate asymptotic regions. This calculation again reproduces the expected non-relativistic

result.

5.2.2 The isolated horizon calculation

While the calculation presented above reproduces the Newtonian result in the

correct limit, there remain some open questions in this approach:

1. The parameter d is the distance between the two punctures measured in the fic-
titious flat background metric. The physical distance between the two punctures
measured using the actual three-metric in equation (5.3) is infinite because the
conformal factor diverges at the punctures. We expect the distance between the
black holes to be finite and to appear in the denominator in the formula for binding
energy (equation 5.8). Therefore, it seems inconsistent to take the punctures to

represent the black holes.

2. Why should we take the ADM masses m; to represent the mass of the individual
black holes? It is clear that m and mg, since they are the ADM masses, will include
contributions from the radiation present near the punctures. Is this physically
correct? It is also worth noting that the result in equation (5.6) is an exact result.
It is true for all values of d; in particular it is true even when the two black holes
are very close to each other and even when the two punctures are surrounded by
a common apparent horizon. Should we be able to assign separate masses to the

individual black holes even in such situations?

We would like to see if the isolated horizon framework can help us better understand
some aspects of this situation. Since we expect the isolated horizon framework to be
valid if the black holes are far apart, we shall again assume that ¢ < 1. As discussed
in the previous chapter, an isolated horizon is very closely related with the world tube
of apparent horizons; in particular, an apparent horizon is a cross-section of a NEH.
Therefore, motivated by isolated horizons, we would like to base our calculations on

properties of apparent horizons instead of the punctures. One advantage of this is that
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there exist initial data sets (e.g. Misner data [20, 21]) in which each black hole does not
have separate asymptotic regions; there are only two common asymptotic regions. For
these cases, the ADM approach is not sufficient. The apparent horizon approach will
still be valid.

Our procedure for calculating binding energy is: (i) verify that the shear of the
outward null-normal vanishes upto numerical errors; (ii) If the horizon is isolated, then
use the procedure of chapter 3 to calculate Jo and M ; (iii) The binding energy is then
defined as

By = Mapy — MY — M) (5.10)

which is the same definition as used by Brill and Lindquist except that the ADM masses
for the individual holes have been replaced by the isolated horizon masses. Before pre-
senting the results of the calculation for the Brill-Lindquist data set, we mention some
general issues regarding binding energy between black holes in general relativity.

In the far limit, we expect eqn. (5.10) to reproduce the Newtonian formula (equa-
tion (5.8)) with d replaced by the physical distance da between the two apparent hori-
zons, i.e. the shortest distance between the two apparent horizons as measured by the
full three-metric. However, as the following argument shows, while we shall indeed re-
produce the Newtonian result, there is really nothing sacrosanct about the mqmsy/d form
of the binding energy.

Consider a spacetime containing two black holes as shown in figure 5.4. There
is now well defined way to assign a value to the distance between the two black holes
between in the full spacetime; the metric is Lorentzian so that there is no minimum
length geodesic between two points. It is also not clear if there is an invariant way in
the full spacetime to demarcate the two black holes in what is, after all, a single smooth
surface (the ‘pair of pants’). These concepts make sense only for a given spatial surface on
which the distance between the black holes is the shortest distance between the apparent
horizons. It is immediately clear that the concept of distance between the two black holes
is then highly dependent on how we choose the spatial slices. For example, in figure 5.4
we show two spatial surfaces (X and E/) which are the same everywhere except in a
small region between the black holes. The distance between the two cross-sections of the
horizon is different in the two surfaces. The binding energy defined in equation (5.10)
is however the same because ¥ and ¥ are the same near the black holes and at infinity

whence all the terms in equation (5.10) are the same for the two surfaces.
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Another point worth emphasizing again is the conceptual difference between the
ADM calculation in equation (5.5) and the isolated horizon calculation in equation (5.10).
The isolated horizon calculation, as emphasized earlier, is only valid when the black holes
are very far apart. The ADM calculation on the other hand, is valid at all values of d;
even when the two punctures are surrounded by a common AH S as in figure 5.5. Each
puncture is also surrounded by a outer-marginally-trapped surface S| and Sy, i.e. these
are surfaces for which the outgoing null normal is expansion free and the ingoing null
normal has negative expansion, but it is not the outermost surface with these properties.
An observer in region I will see a single black hole and will not be aware of the presence
of S1 and S9. Such an observer will not assign any binding energy to the system. If
the common AH S has small shear, then the isolated horizon formula for M can be
applied. The difference My — Ma will then quantify the amount of radiation present
outside S. An observer in region I1 will be in a very different situation. He or she will
observe two trapped surfaces in a very dynamical regime so that the isolated horizon

(1)

formulae will probably not be applicable. This observer can still calculate m ADM and
m(AZ]))M and assign a binding energy for the system. This shows that the isolated horizon
calculation gives the correct result in the regime where we expect the notion of binding
energy to be valid and is not applicable in other regimes. The ADM calculation gives
the same result exact in all regimes including those situations where we do not trust the
notion of binding energy.

Let us now give the results of the calculation. Our first task is to find the loca-
tion of the apparent horizons for the Brill-Lindquist data set. The details are given in

appendix B; here we shall just quote the result of the calculation. We find that upto

third order in «;/d, the location of the apparent horizon is given by:

aja aja
r=nhg(0) = al_—1d2+—(1122

<a§ — 39 cosd + ga%PQ(cos 0)) . (5.11)

(a9 — aq cos B)

Qa1Q9
d3

The subscript 3 indicates that the true horizon is located at r = h(0) = hg(0) + (9(64).

With the location of the apparent horizon at hand, we can now proceed to cal-
culate the binding energy. First, to check that the black holes are isolated, we must
calculate the shear. It turns out that the shear for the surface in equation (5.11) van-

ishes at least upto (9(63) which means that the shear of the true apparent horizon also
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Fig. 5.4. Two different spatial hypersurfaces in a binary black hole collision.
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Fig. 5.5. Two punctures surrounded by a common apparent horizon S. Each puncture is also
surrounded by a marginally trapped surface S1 and Ss.
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vanishes upto third order:
oy =0+O0() (5.12)

which shows that s = (’)(68) (see equation (3.8)); the horizon is (instantaneously) isolated
for all practical purposes (upto 0(67)). We have not calculated the shear for higher orders
and it is possible that it vanishes at higher orders also.

The ADM mass is the same as before : Mapn = 207 + 2a9. The mass M(Al) is

given by the expression
M(Al) = 201 (1 + OCTJQ) +0 (64) (5'13)

and M(AQ) is given by an identical expression with the labels 1 and 2 interchanged.
Surprisingly, at this order, MX) is the same as the mass m; calculated using the ADM

definition. The binding energy therefore evaluates to

1 2 daq o 4
By=Mapy - MY - M) = - 22+0(e>. (5.14)

This can also be expressed in terms of M(Al) and M(AQ):

(1) ,(2) (1) ,(2)

M\ v\

B= S et (M(Al)+M(A2)>
mU @ 2) 2)

_ZA A ((M(Al))2+(M(A 2+ 3My Mg )“9(64) - (519)

To leading order, this reproduces the Newtonian result. But we are not finished yet. We
have to use the physical distance da between the black holes instead of the parameter
d. we can easily calculate da and hence Ej upto fourth order, but here we only give the

following expression:

dp =d (1 —2¢1Ine] —2e9lney + (’)(e2 In e)> (5.16)
which leads to M. @)
My’'M
E, = _%_FO(EIDE). (5.17)

Somewhat surprisingly, the leading order corrections to the Newtonian formula are log-

arithmic.
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Let us summarize the general method for calculating binding energy: (i) check
that the shear of the outward normal of the horizons is small enough so that the isolated
horizon formulae are applicable, (ii) Calculate the angular momentum using eqn. (2.48)
assuming that the horizon is axisymmetric and calculate the mass Ma for each black
hole using eqn. (2.56), (iii) calculate the ADM mass and finally, (iii) calculate the binding
energy Iy := Mapn — My — Mo.

5.2.3 The Newtonian force

To further study the interaction between two black holes, we present a possible
way of calculation the ‘force’ between two black holes on a spatial slice. The idea behind
this calculation is due to Jorge Pullin.

Just as in Newtonian mechanics, we would like to define the force between two
black hole as the rate of change of momentum of the individual holes. We first need
a definition of the linear momentum of a black hole and we propose to use the ADM

formula applied at the apparent horizon S:

1

Px=— ¢ (K. — K a 42 gb 5.18
A= g S( ab — Kvap) € (5.18)

where £ is a translational vector field on the spatial slice. See section 6.3 for a discussion
of this formula.

The force is then defined as the Lie derivative of P along a time evolution vector
field t*. To calculate £;Px, we need equations (6.8) and (6.9) which describe the time
evolution of the three metric and extrinsic curvature

Applying these equations to the Brill-Lindquist initial data where K ; = 0 we

obtain

1 2cb
LyPA = St S (_N(Rab — Rgp) + Dy DpN — (DCDCN)'Yab) ‘Sad S (5.19)
The force is then defined to be F' := L;Px. The important issues for making this
calculation meaningful are (i) the choice of the lapse function N and (ii) the choice of
&%
The various possible choices for £€% are discussed in section 6.3. There are also
various possibilities for choosing N. The most naive choice would be to choose N = 1 but

other choices are also possible. For example, we could choose N to be the ‘background’

value of the lapse, i.e. choose N assuming that only one black hole is present. The three
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metric in the vicinity of one of the apparent horizons is then viewed as a perturbation
of the three metric of a single black hole. Since the Brill-Lindquist data is motivated by
the Schwarzschild metric in isotropic coordinates, the background lapse can be taken to
be N = (2r — MA)/(2r + Mp).

Let us now give the results of the calculations. All th echoices mentioned above

generically give a result of the form

(1),,(2)
Fo A MAT o <d—12> (5.20)

where k is a numerical constant. Somewhat surprisingly, the choice N = 1 and ¢% =
2% (2% = (9,)® is just the translational Killing vector of the flat background metric)
reproduces the Newtonian result (k = 1) at leading order. This is especially surprising
because z% is not even tangent to the inner boundary S. The other choices all lead to
values of k different from unity. In particular, choosing £% to be tangent to the apparent
horizon leads to k = 0. At present, we do not know if these results are significant or

whether we get similar results for other data sets.
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Chapter 6

Dynamical horizons

In this chapter study generalizations of the isolated horizon framework by allowing
matter fields to fall into the black hole. Our method is based on the fact that the
world tube of apparent horizons is a spacelike surface in the dynamical regime and
therefore the usual Hamiltonian and momentum constraints must hold on this surface.
This chapter is also influenced by the work of Sean Hayward [13] who introduced the
notion of trapping horizons for studying black hole physics. Since we rely heavily on the
constraint equations, section 6.1 briefly reviews the standard initial value formulation of
general relativity. Section 6.2 briefly describes the Hamiltonian methods used to derive
the ADM formulae for mass and angular momentum. We point out the similarities of this
method with the analysis of isolated horizon mechanics described in the earlier chapters
and we also describe some subtleties regarding the ADM angular momentum [22]. These
subtleties may be important in numerical computations of the ADM quantities. Section
6.3 describes the application of the initial value formulation to dynamical black holes. In
particular, we discuss angular momentum, linear momentum and mass and we also obtain
balance laws relating the flux of matter and radiation to change in angular momentum

and mass.

6.1 The initial value formulation

This section briefly summarizes the initial value formulation of general relativity
(see e.g. [23]) for the case when there are no internal boundaries. Let the spacetime
(M, g,p) be foliated by spacelike three-surfaces so that it is topologically > x R. Let T

denote the unit timelike normal to the surface ¥; C which represents a generic spatial

by...b

ay, m will be said to be spatial we get zero when any of

slice. A general tensor T}, »
its indices is contracted with T}, or T%. Let t* be a time evolution vector field which is
future directed and timelike (or at least transverse to X;). Denote the induced metric
on ¥4 by

Yab = 9ab + ToTp (6.1)
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and the extrinsic curvature K of ¥; by
_ _c_d
Kop =7 Vely (6.2)

where V,, is the unique torsion-free four-dimensional derivative operator compatible with
Jqb- In this 3 + 1 decomposition, the basic variables will be v, and K. The induced
derivative operator D, on X; compatible with g, is defined by

d
Doy =7, Veay (6.3)

for any spatial a,. The Liebniz rule is then used to define the action of D, on all other
spatial tensors.
Let R,

for any 7., and let R,;.q be the three-dimensional curvature tensor: 2D[an]ac =

abed be the four-dimensional Riemann curvature tensor: QV[ aVb] Ne = Rabcdnd

Rabcdad for all spatial a.. The Ricci tensors and Ricci scalars are defined in the usual
way: Rgp = Racbc, R := gabRab and similar definitions for the three-dimensional quan-
tities R, and R. The relation between the different curvature tensors is given by the

well known Gauss-Codazzi relation:
Rabed = Yo' W7 Va0 Bpgrs = Keakpg + KepKad - (6.4)
The Einstein tensor is defined as
Gap = Ra — 5 Rda (6.5)

and it is related to the stress energy tensor T, by the Einstein equation G, = 87T,
The following important geometric identities are easily derived using the Gauss-Codazzi

equation, the definition of G; and the Einstein equation:

R+ K2 - KK, = 16aT,,TT" =: 167p (6.6)

DY (K — Kvygy) = 87T,.T%% =: 87jp. (6.7)

These equations do not contain any time derivatives and therefore constrain the three
metric and extrinsic curvature of the spatial slice. Equation (6.6) is the Hamiltonian
constraint while equation (6.7) is the momentum constraint. Any valid initial data set

(Vabs K yp) must satisfy these constraints. The constraints constitute four of the ten
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Einstein equations. The remaining six equations are the evolution equations for 7, and

K ,;, which can be written in the form

LiYay = 2NKg+L N Tab (6.8)
LiKyy = Ny Rep— NRyy +2NK, 'K, — NKKy,
+DaDpN + L 5K (6.9)

The quantities N and N are the lapse and shift respectively and determine the projec-
tions of the time evolution vector field t* along the directions perpendicular and tangent

to the spatial slice: t* = NT% + N,

6.2 The ADM mass and angular momentum

In this section we digress from the discussion of black holes and discuss the deriva-
tion of the ADM mass M y); and angular momentum Japy- One reason for doing this
is to again highlight how the derivation of M and Ja in the isolated horizon frame-
work (section 2.4) is very similar to the ADM formalism. More importantly, we also
wish to point out some subtleties which may be relevant in the numerical computation
of Mapy and Japng- These subtleties have to do with the behavior of the expression for
Mapy and Jap) under coordinate transformations and the choice of the background
flat metric f,;. These results were derived in [22].

Let us first define the phase space of general relativity for the case when no internal
boundaries are present. Fix a Euclidean metric f,; outside some compact region of X
and let r be a radial coordinate of this metric. The configuration space C is the space of

all metrics 7, which have the following fall-off at infinity:

Yab = <1 + M) fap +O <Ti2> : (6.10)

The momentum conjugate to v, is given by
™=y (K“b - Ky‘”)) . (6.11)

In this case, the phase space is the cotangent bundle over the configuration space C and

b

we must therefore define the action of any p®’ on a tangent vector of C. A tangent vector
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to C at any point v, € C is a tensor dv,; whose fall off rate at infinity is
M(0,¢) 1
Nap = ———Jab+O( =5 |- (6.12)
r r
Define the action of pab on 07, in the obvious way

pon) = [ 15V (6.13)

Using the falloff of +,;, we see that this integral will converge if

1 1 1
pabfab =0 3 and pab — -p fab =0 R (614)
r 3 r

This determines the fall-off rate of pab. Therefore the phase space I' consists of the pair

b
(7@[)7 pa )

satisfying these fall-off conditions. The symplectic structure is then defined as

1 b b 3
Qapm(91,02) = ﬁ/z (51pa 89 Yqh — 091" 517ab) d’v. (6.15)

Using this symplectic structure, we can now calculate the Hamiltonians which generate
various diffeomorphisms.

Let us begin with diffeomorphisms along vector fields t* which are asymptotic
time translations, i.e. outside a compact region, t* = NT®. The Hamiltonian is defined

via the relation
GH N = QApM(9; 6) (6.16)

where d; is the vector field on phase space corresponding to diffeomorphisms along t.

A direct calculation leads to the result

1

HN@0) = 15 ) NOamne = Oy1ac) [ 05" (6.17)

where J, is the derivative operator compatible with J,; and 0¥ is the two-sphere at
infinity. The ADM mass is defined to be the value of Hpy for N = 1. This is the natural
normalization at infinity. We were not able to use this procedure at the horizon because
there T% is not tangent to the horizon and therefore does not preserve the phase space;
we had to use the null normals to define time evolution. To find the right scaling of the
null normals, we had to use a more complicated procedure using the Kerr as reference

points in phase space in order to derive equation (2.56) for Ma .
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In a similar way, we can obtain a formula for the ADM three-momentum if we
assume that outside a compact region of 3, t* = £% where £% is a translational Killing

vector field vector field of f,; and we will get the result

1 b b
PADM(E) = o= ¢ & (Kqp — Kgp) dS”. (6.18)
T JO%.
At this point, one might naively conclude that the formula for ADM angular momentum
would be

b

1 b
JaDM = ¢ ]22 ¢ (Kop — Kvgp) dS (6.19)

where qu is an asymptotic rotational Killing vector of f,;: 8(a¢b) =0 (but ¢* must not
be covariantly constant). However, it turns out that equation (6.19) is not correct by

itself; certain ambiguities need to be removed which we now describe.

6.2.1 Supertranslation ambiguities in Ja

To understand the ambiguities in equation (6.19), note that the construction of
the conserved quantities is tied down to a choice of the background flat metric f,;. Let

() (¢ =1...3) be coordinates in the asymptotic region such that f,; is Euclidean

3 . .
=3 02Dy (6.20)
i=1

A spatial super-translation of these coordinates is a coordinate transformation of the

form

OB ONESSO BROIRAS (6.21)

Let f;b be the Euclidean metric in the new coordinates:
3 . .
=30,/ Mo (6.22)
1=1

Since the functions f () depend only on the angular variables, it is clear that fcllb —fab =
O(1/r). It follows that if v, = f,; + O(1/r) then v, = fC/Lb + O(1/r) and thus fcltb is
as good a background flat metric as f,.

How are the conserved ADM quantities affected by changing f,; to fcltb and 0, to
(9;? First, M 4pps is unaffected because 9,7y, falls off as (9(1/7“2) and dS° diverges as
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(’)(r2). Thus changing fab by O(1/r) terms will not affect M. By a similar argument,
Popp is unaffected because a translational vector €% will differ from €% by O(1/r)
terms. However, it is easy to verify explicitly that, for example, 8(;5 — 8¢/ does not go
to zero when r — oco. The same is true for the other rotational vector fields. Thus, if
there is no preferred rotational Killing vector near infinity (which would be the case, for
example, if there were a global rotational Killing vector), then, as it stands, equation
(6.19) is not well defined.

The problem with defining Japy arises because there are many flat metrics (or
equivalently, many coordinate systems) which can serve as flat backgrounds near spatial
infinity. We need to select a preferred family of metrics, related to each other by simple
translations, i.e. by transformations with constant f (@) (see eqn. (6.21)). It can be shown
[22] that this is possible if the r—0 and r—¢ components of the three dimensional Ricci
tensor R, fall-off faster than 1/7"3, ie.

a~b 1
Rapr" 4, = (7“_4> (6.23)
where 7% is the unit normal to the constant r surfaces and (jgn = ’ybm — rbrm is the

operator which projects onto the constant r surfaces. This condition has been stated in
a particular flat coordinate system for which r is the radial coordinate but it turns out
to be independent of this choice: it is super-translation independent.

If equation (6.23) is satisfied, then the prescription for picking the correct family
of flat metrics can be stated as follows. For every flat metric we choose, we can define a
radial coordinate  and we look at the extrinsic curvature 2K b of the constant r spheres

embedded in the spatial slice . In general, this tensor will fall off as
2 1. 1
K= —=qup+0O <—2> . (6.24)
r T

The preferred family of flat metrics F then consists of those flat metrics for which the

trace free part of ’K op (i-e. the shear of 7%) has a faster fall-off rate:

) 1. 1
K, = ;qab +0 (T—3> . (6.25)

Different elements of F are related to each other by simple translations; super-translations
would lead to 1 /7“2 terms in the above equation. Such two-spheres can be found if
eqn. (6.23) is satisfied.
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To summarize, if we wish to calculate the ADM angular momentum using equation
(6.19), say in a numerical simulation, we first need to verify that the r—0 and r—¢
components of the three dimensional Ricci tensor fall off at the appropriate rate (equation
(6.23)) and then make sure that the radial coordinate being used is such that equation
(6.25) is satisfied. For isolated horizons, since we have no flat background geometry
near the horizon, and since the horizon is defined invariantly (so there is no need to find

preferred two-surfaces), there are no such ambiguities in Ma (eqn. (2.48)).

6.2.2 Other expressions for the ADM mass
Let us now go back to the expression for ADM mass:

1 . b
Mapm = 7— lim (aar}/bc - 8b7ac)fac ds”. (6'26)

167 r9=00 Jp—p
Let us go through the commonly used method of computing My numerically. One
usually starts with a finite Cartesian grid on a spatial slice and assumes that the flat
background metric is Euclidean in these Cartesian coordinates; the partial derivatives
in eqn. (6.26) are then the ordinary coordinate derivatives and fab is Diag(1,1,1). The
above equation is then applied on an appropriately chosen spherical surface within the
numerical grid.

A potential problem with this is the following: it might happen that the actual
three metric on the spatial slice does not approach Diag(1,1,1) but instead approaches
some other flat metric, say one with non-zero off-diagonal components and possibly even
one for which the metric coefficients are not constants and for which the Christoffel
symbols are non-zero. In general, there is no guarantee in a numerical simulation that
this will not happen. This procedure might then lead to errors which are bigger than
the numerical errors themselves. It can be shown that it is unnecessary to live with such
errors and there are alternative expressions for Mapy free of these ambiguities. One

such expression involves R :

1 a b ;2
Mapm = ~ % - rRypr T d”A. (6.27)
To show the equivalence of this equation with eqn. (6.26), express R, in terms of the
derivatives of v, and use the fall-off conditions on ~,;, and its derivatives [22].

To use this numerically we need the following steps: (i) Choose a large spherical

surface S (the surface does not have to be a metric two-sphere, we could choose, say,
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ellipsoidal surfaces) within the numerical grid; (i) Set » = /A/4m where A is the area
of S; (iii) Calculate R, at the grid points nearest to S and (iv) Evaluate the above
integral with d>A being the natural volume measure on S. While this method requires
more work than the usual procedure for calculating My, it might be worthwhile in
cases when one does not have very good intuition about the coordinate system being
used.

There also exist other expressions for M ). For example the following equation
uses only two-sphere fields and is derived from eqn. (6.27) by using the Gauss-Codazzi
equation for the two sphere embedded within X:

1 2 272, 2 2 -ab\ ;2
M = — ?g R—("K)"+"K,;"K d“A 2

where 2R is the Ricci scalar of the two-metric on the constant r surface and 2K, ab 18, as

before, the extrinsic curvature of the two-surface embedded in X.

6.3 Application to dynamical horizons

In this section we want to go beyond the isolated horizon framework and discuss
dynamical black holes. The basic framework is again to use the world tube H of apparent
horizons, but now we are interested in the regime when H is spacelike. In this regime,
as we showed in section 3.1, the area of the apparent horizons is increasing due to the
flux of matter or radiation across H. The properties of H we will need are captured by

the following definition of a dynamical horizon:

Definition: A smooth three dimensional sub-manifold H of a spacetime (M, g,;) will

be said to be a dynamical horizon if
(i) H is topologically 52 x T and spacelike where 7 is an interval on the real line.

11 ere 1s a preferred foliation o y two-spheres and each leat of this toliation 1s

ii) There i ferred foliati fHb h d each leaf of this foliation i
an outer-marginally-trapped-surface; i.e. the expansion 9(2) of any outgoing null
normal ¢% is identically zero and the expansion H(n) of any ingoing null normal n®

is negative.

(iii) All equations of motion hold at H and all matter fields satisfy the condition that

—T;X b is future-directed and causal for any future-directed null vector X%.
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For convenient reference, our notation for physical fields on H is summarized in table
6.1.

While the motivations behind this definition are fairly transparent from the per-
spective of the world tube of apparent horizons discussed in section 3.1, let us mention
a few things to keep in mind. First, while we are more interested in the case when the
cross sections of H are apparent horizons, i.e. 6(n) < 0, the results presented below go
through with very minor modifications even when H(n) > (; we only require that 9(n) #£0
on H. Secondly, a dynamical horizon is a special case of a trapping horizon defined by
Sean Hayward [13]. In particular, since G(H) is negative, H is a future trapping horizon.
Furthermore, a trapping horizon has additional conditions on the derivative Enﬁ(g).
When this quantity is negative (this is called an outer trapping horizon), the horizon is
spacelike (see section 3.1 for a proof). The reason we defined dynamical horizons above
instead of calling it a future-outer-trapping horizon is because we want to collect the

properties of H which are important for our purposes.

(dap » Kap)

Fig. 6.1. World tube of apparent horizons in the dynamical regime. The various quantities
shown here are explained in table 6.1.



Table 6.1. Summary of notation used for dynamical horizons

H : Dynamical horizon (world tube of apparent horizons)
S ¢ Cross section of H and a member of the preferred foliation
S{ and Sy : Initial and final cross-sections of H

V . Portion of H between S and Sy
Y : Spacelike partial cauchy surface (S =X N H)

T® : Unit timelike normal to H
R® : Unit spacelike vector normal to S and tangent to H
T% . Unit timelike normal to ¥
R® . Unit spacelike vector normal to S and tangent to ¥
¢® . Outgoing null-normal to S (£:= (T %+ R %)//2)
n® : Ingoing null normal to S (n:= (T * — R %)/y/2)
9ap  Spacetime four-metric
qgp : Riemannian three-metric on H
qsp : Riemannian two-metric on §
Yqb - Riemannian three-metric on X
V, : Spacetime derivative operator
D, Derivative operator on H
5@ Derivative operator on .S
D, : Derivative operator on X
K., : Extrinsic curvature of ¥
Kap : Extrinsic curvature of H
Pap = VaKap — Kqgp)
2ICab : Extrinsic curvature of S embedded in H
20ab . Trace-free part of QICab

K.y @ Projection of ICy;, onto S (K := (}a Cijb dlCcd)

oup - Trace-free part of Eab
W, : Radial-angular component of K, (W, := ¢, ClchE b)

O'(E)ab : Shear of ¢ (O’(g)ab = (aab + Qaab)/\/i)

Rabeq : Riemann tensor on H
G,p : Einstein tensor on H
ﬁabcd :  Riemann tensor on S

Rabea @ Riemann tensor on X

82
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For any physical quantity ) such as mass, angular momentum etc., which can be
expressed as an integral over a section S of H, our aim is to obtain balance laws of the

form

Q9 —Qq = 7{9 () — 721( ) = /H(Flux of @ across V). (6.29)

2
The key idea for obtaining these balance equations is to use the fact that H is a spacelike
surface and can therefore serve as an initial data surface. This means that just as
equs. (6.6) and (6.7) are satisfied on the Cauchy surface ¥, the following equations will
hold on H:

R+ K2 - K k% = 1677, T°T", (6.30)

DY (Kyp — Kagy) = 87T,.T%°. (6.31)

We would like to use these constraints to obtain expressions for physical quantities rele-
vant to the horizon. An important potential drawback of this approach is the difficulty
in making contact with isolated horizons, namely, the case when H is null. This is be-
cause, the constraints on a null surface and its geometry are very different from those

on a spacelike or timelike surface.

6.3.1 Angular momentum

Fix a vector field % on H which is tangent to the preferred cross-sections of H.
Contracting ¢® with the momentum constraint for H (equation (6.31)) and integrating

over the region V' C H which is bounded by S7 and Sy we obtain
/ oy D, P a3V = sr / T, 7% d°V (6.32)
v \%

where, as before, pab .- \/Q(lCab . quab). Integrating by parts and using the identity
£¢qab = 2D(a90b) we obtain

1 apb ;2 1 apb ;2
— K R'd°A — — K R d°A
81 352 ab? 8 351 ab?

~a b 1 3
— /V (TabT% +16—7T£<pqab> d’v . (6.33)
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If we identify the surface integrals with angular momentum then we get the following

formula for angular momentum of an apparent horizon
1 apb 2

Jg=— % K R d°A. 6.34

S 871' IS ab‘p ( )

The flux of angular momentum due to matter fields is identified as
() _ ( =a b) 3
Foatter = v TpT ¢ ) d°V (6.35)

while the flux of angular momentum due to gravitational waves is

(o) _ 1 3
.fgrav. = Tor )y L olab d’Vv (6.36)
and we get the balance equation

Jy—Jy = F@) 4 F) (6.37)

matter grav. ’

How far can we trust this result? While these equations are based upon exact identities,
we must make sure that they give physically correct results in known situations. Let us
first compare this with the formula for J , the angular momentum of an isolated horizon

given by eqn. (2.48) which we rewrite here:

b 2

JN = — “ROK ;) d°V . 6.38

A= 5 R ) (6:33)
The difference between Ja and Jg obtained in eqn. (6.34) is that, as written above, Jz
involves quantities on X while Jg involves quantities on H. However, we can show easily
that the two are identical:

agh apbe & apdb -~ 5\ asb
KR = "RV, Ty, = "RV, (Ty + Ry) = V20" R°V, 4,

=~V b, = "RV, T = K0 R (6.39)

Therefore, even though the formula for JA is true when H is null and the formula for
Jg is true when H is spacelike, they give the same answer. Based on this result, we can
callJg the angular momentum of the apparent horizon S when it is axisymmetric. If 0%
is not axisymmetric, there is no reason to identify Jg with angular momentum. For the

balance law eqn. (6.37) to hold, it is enough that the initial and final apparent horizons
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S and Sy are axi-symmetric. In the intermediate region, H need not have any axial
symmetry vector field.

To conclude this section, it is worth mentioning that, if instead of a rotational
vector ¢, we wanted to calculate the conserved quantity Q§ for any other vector field

€%, we simply replace ¢ by £% in the calculations presented above:
¢_ L }[ bR Py 6.40
Q% = 55 f, Part . (6.40)

In the rest of this chapter, we shall discuss the notions of mass and linear momentum of
black holes and isolated horizons. As we shall see, unlike the case of angular momentum,
the situation is more complicated for linear momentum and mass. In particular, for the
angular momentum analysis, we did not even need to use the fact that H has a preferred
foliation of trapped surfaces; the calculation can be carried out for any spacelike three-
surface. We shall see below that we do not yet have a good understanding of linear

momentum but significant progress can be made for mass and energy.

6.3.2 Linear momentum

Let us now turn our attention to linear momentum. We will first try to define the
notion of linear momentum for isolated horizons and later extend it to the dynamical
case. It will be useful to first briefly review boosted black holes.

Let us begin with the simplest possible case where the concept of a boost is best
understood: Minkowski space. A boost in Minkowski space is just a Lorentz trans-
formation of the coordinates: (z,y,z,t) — (az',y/,z/,t/). For example, a boost in the

z—direction is given by
7 = v(x — Vi) and t = y(t — V) (6.41)

where V' is the boost parameter (0 < V < 1) and v := (1 — V2)_1/2. In the original
coordinates, it is natural to take surfaces of constant t as the spatial slices while in the
boosted coordinates, it is natural to take the constant ¢’ slices (see figure 6.2. Even
though the boosted slice looks curved when viewed in the original coordinates (see figure
6.2) using a Penrose diagram, both slices are flat in the sense that the three-dimensional
Riemann tensor vanishes in both cases; this will, of course, not be true for general

spacelike surfaces and this feature will not be shared in curved spacetimes.
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In a curved spacetime, since the only flat background metric available to us in
general is the background near infinity, we can only define boosts near infinity in the
general case. There is however, at least one notable exception when the metric can be
expressed in a Kerr-Schild form: g, = n,p + 2H/,{p. Here 1, is a flat metric, H is a
smooth function and ¢ is a null vector (see e.g. [24] for further details and properties of
such spacetimes). If a metric can be written in this form, then we have a flat background
metric 7),;, available to us throughout the entire spacetime; we can then meaningfully
talk about boosts everywhere in spacetime and not just at infinity. It is well known that
all Kerr metrics can be expressed in this form and therefore we can meaningfully talk
about boosting a Kerr black hole. The asymptotic properties of the boosted slices are
as expected: the ADM mass of a boosted slice is YM and the magnitude of the ADM
momentum is YV M. As far as the black hole horizon is concerned, the intersection of
a boosted slice with horizon (viewed as an isolated horizon A) leads to a different cross
section of A as compared with the unboosted slices (see figure 6.3).

Consider, as an example, the Schwarzschild black hole in the usual ingoing Eddington-
Finkelstein coordinates (v,r,0,¢). It is easy to verify that constant v sections of the
horizons correspond to static slices while the boosted slices lead to sections of the hori-
zon given by level surfaces of a function f(v,0,¢). For a black hole with mass M,
for a boost in the z—direction with boost parameter V,, the function f is given by
f=f,=v—-2MV,cosf. Boosts in the other direction are given by the other spherical
harmonics: f, = v —2MYV,.sinf cos ¢ and fy =v—2MV, sin 6 sin ¢.

Can we define the linear momentum of an isolated horizon in such a way that it
gives the expected answers for the boosted slices? Let us explore some ideas in this direc-
tion. Motivated by the analysis of angular momentum, let us start with the momentum

constraint on a spatial slice X:
D* (Kqpy — K7qp) = 87y (6.42)

where j% = TacTa’ycb and T% is the unit timelike normal to ¥. Let £% be a vector field
tangent to X. We should also require ¢ to be tangent to the inner boundary S = XNA so

that diffeomorphisms generated by the flow of £€% preserve the phase space. Contracting
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Fig. 6.2. Boosted and un-boosted spatial surfaces in Minkowski space. The solid curve repre-
sents the un-boosted slice and each point on this line is a two-sphere. The broken lines represent
the boosted slice for various values of the angular coordinates.

A

Boosted L -
sections <« - = Constant v
-7 / sections

~ . ,‘/
7
]

Fig. 6.3. Sections of the Schwarzschild isolated horizon showing the sections corresponding to
the boosted and un-boosted slices. The solid curve represents static sections of the horizon while
the broken curve represents a boosted cross-section of A; v is the affine parameter along ¢ in
standard ingoing Eddington-Finkelstein coordinates.
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the momentum constraint by ¢* and integrating by parts, as in eqn. (6.33), we get
i?é PRV dPA — i]{ PRV 2 A
87'(' g ab 87[' 5 ab
[0.@]
=/ <j St ——L oy ) 3V (6.43)
> a 167T 5 ab

As expected, the surface integral at infinity is the usual ADM momentum and we would

like to identify the surface term at S with the linear momentum of the black hole:

1

Po=— ¢ (K, - K a2gb A4
5= 5 ), Uap ~ Kru) €S (6.44)

While for angular momentum, using the assumption of axisymmetry, we were able to
select a rotational vector field on S, can we do something similar here? Clearly, while
we can require a black hole to be axisymmetric, we cannot require it to be invariant
under translations. However, if in certain situations, if we have some way of picking
a translational vector field 2% on 3, then we could use the projection of z% onto S
to calculate the momentum. This would happen, for example, if the three metric were
conformally flat; we could then take z% to be one of the three translational Killing vectors
of the flat background metric. Alternatively, if S is axisymmetric, then there exists a
function h on S such that the rotational Killing vector is given by ¢% = Eabﬁbh. We
can use h to define £% = ”“babh which can then be used to calculate linear momentum;
this €% can be regarded as a projection of the z—direction translational vector field onto
S (we are assuming that the black hole’s axis of rotation is the z—axis). For the Kerr
black hole, these two notions give the same result, but this will not be true in general.
The above idea of using the function h to define £ also seems correct from the
isolated horizon viewpoint. If S is a cross-section of an isolated horizon, then from a

calculation similar to eqn. (2.48) we get
f K0 d?sb = - 7{ WD, d*S°. (6.45)
S S

The notation used here is the same as in section 4.2. As discussed in section 4.3, we
can select preferred foliations of A by putting conditions on 5”(%. The most natural
condition is to set it equal to zero and the resulting foliation can be said to define the
rest frame of the horizon. If S happens to be one of these preferred foliations, then
the momentum will be zero as expected. For other generic slices, we will usually get a

non-zero result.
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While this seems very reasonable, does it give the correct answers for the boosted
black holes discussed earlier? For the Schwarzschild black hole, we get PA = MV
for a boosted slice while for the rotating Kerr horizon, for a boost in the z—direction,
we get PA = V,g(a, M) where g(a,M) is a complicated function of the black hole
parameters. The fact that we do not reproduce the ADM values is not very surprising
because, in eqn. (6.43), the right hand side will not vanish even in vacuum since ¢ is
not a translational Killing vector of the three-metric. For time symmetric initial data
(K, = 0), the momentum vanishes identically; this seems reasonable because in time
symmetric data, the black holes are momentarily ‘at rest’. See section 5.2 for a further
test of this definition involving the notion of ‘force’ between two black holes.

At the present time, this definition of momentum can only be viewed as a tentative
proposal. We need to see if it satisfies some of the properties that the momentum of, say
a point particle satisfies. For example, we should have P2 < M2 At present, we have

not been able to prove such results.

6.3.3 Dynamical mass

We now turn our attention to the Hamiltonian constraint and obtain a balance
law for the energy flux across a black hole horizon. We expect the final result to be
similar to the result obtained for the Bondi mass at null infinity [25]. The Bondi mass

for a cross-section S of null infinity 7 is defined as:

Bondi 1 j[ =\ 42
M =— Uy +o00) d A 6.46

S 8mv2 Jg (2 ) (6.46)
where o is the shear of the null normal transverse to Z. The shear ¢ carries information
about the flux of gravitational waves across null infinity and there is a balance law for

the rate of change of the Bondi mass:

--Bondi 1 7{ o 2
M = — d°A. 6.47
; w5 (6.47)

Thus, the Weyl tensor component Wy gives the ‘static’ part of the mass while o gives
the flux of gravitational energy. Returning now to the black hole case, we expect the
isolated horizon mass M calculated for S using eqn. (2.56) to be the static part of the
energy analogous to Wo. We expect the flux of energy to be given by the shear of ¢ and

n. In addition we also expect matter terms to be present at the horizon.
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To obtain such results for dynamical horizons, one possible strategy is to use the
Hamiltonian constraint (eqn. (6.30)) on H along with the fact that H is foliated by
marginally trapped surfaces (somewhat surprisingly, we did not need to use this fact
for studying angular momentum). The analysis of the Hamiltonian constraint is more
involved that that for angular momentum and the relevant details follow.

Start by integrating the Hamiltonian constraint on H given in eqn. (6.30):
/ (167N T, TT") v = / N (R+ K = Kk™) d*v (6.48)
\% \%

where N is an arbitrary positive function (the lapse) and V is the region on H bounded
by S7 and S9 (see fig.6.1). Let us now use the fact that H is foliated by two spheres
and perform a 2 4 1 split of all dynamical fields on H; as before, let S denote a cross-
section of H. The two metric on S is q,p = qup + éaéb and the extrinsic curvature of
S embedded in H is 2ICab = Ejacijbch]A%d. We want to obtain an expression for R in
terms of quantities on S. The curvature tensor intrinsic to S, zRade, is given by the
Gauss-Codazzi relation

2 _ = Pr 4z T~ S 2 2
Rabed = qaqu 9 9q quTS +2 Kc[a Kb}d' (6.49)

This leads to the following expression for the scalar curvature R on S:

R =GRy =R — 2Ry R R+ (2k)? - 2K 2™ (6.50)
which can be rearranged to yield an expression for the Einstein tensor G, := R, —
%Rqab on H: )

Gapl "R" = =3 (R - 0% +2K0°k™) . (6.51)

Furthermore, from the definition of the Riemann tensor, we get

RpRRY = —R%(D,D,—DyD,)R®
= D (R"DyR*— RDyR") + (D,R")? - (D,R°)(D,R Y
= Do+ (2k)? = 2K, 2k (6.52)

where we have defined

o =R'DyR* -~ RD,R". (6.53)
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Using eqns. (6.51) and (6.52) we finally arrive at the desired expression for R:

R=2(Ryp - Gup) R R =R+ (PK)? = 25 26% + 2D,0" . (6.54)

Substituting this result in eqn.(6.48) we get
/ (167NT, T°T") d*v
V
_ / N (R+ (0% = 2K K™ 4+ K2 K gk™ +2D,0%) dV . (6.55)
v
This equation relates the flux of energy along the normal to H (fa) with quantities
intrinsic to H. Motivated by isolated horizons, we are more interested in the flux along

the outgoing normal ¢ defined in table 6.1. To obtain an expression for this flux, multiply

the momentum constraint (eqn. (6.31)) by 2NR ¢ and integrate over V:

/ (167NT, T °R") &V = / (2NR "D (Kgp — Ka)) &V
\%4 \%
- / 2N (D8 = PUD,Ry) &V (6.56)
v
where % := lCabINBb — KR? and, as before, Pup = Kop — Kqup- Adding eqns. (6.55) and
(6.56) we get
167 / (NTTT "+ &) d*V = 1672 / (NTRT ) a*v (6.57)
\%4 \%4
- / N (7% + (2102 = 210,20 4 K2 — Kk — 2P D, Ry + 2Da’ya) iATe
v
where 7% := a® + 3%. This is the expression for the flux along ¢* that we need. But

we are not done yet; we still need to use the fact that S is an outer marginally-trapped

surface, i.e. the expansion of /% vanishes. This leads to the equation

L _ab
oze(é)zﬁq“ Vb, =

which results in the condition

1

7 (P+K- KR “R") (6.58)

2+ K=K R R, (6.59)
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We now have all the basic results we need: eqn. (6.57) is an expression for the energy
flux along ¢ and 6.59) expresses the condition that H is foliated by marginally trapped
surfaces. No assumption is made about the rest of the spacetime. We need to rewrite
these equations to give results which have a clear physical interpretation. Let us first
consider the case of spherical symmetry when all fields intrinsic to H are spherically

symmetric.

The spherically symmetric case: In the presence of spherical symmetry, we do not
expect any flux of gravitational waves across H and the change in the energy should be
related only to the flux of matter fields along ¢*. We shall see that this is indeed what
happens.

When H is spherically symmetric, the extrinsic curvatures K, ; and 2Kab must
be of the form

2 2 ~ _ ~ =
Kap=75 CK)qe and Ky, = Agy + BR,Ry, (6.60)

1
2
where A and B are some spherically symmetric functions on H. Eqn. (6.59) leads to the
condition 2K = —2A. Substituting for the extrinsic curvatures in eqn. (6.57) and using

2K = —24 we get the remarkably simple result
16m/§/ NT,,T 0 a®v :/ NR d°V. (6.61)
Vv v

To obtain this result we have also used the fact that v, = 0. To prove this, note that due
to spherical symmetry, v* must be proportional to R % and it is easy to show ’yalfla =0.
This proves that v = 0 in the spherically symmetric case.

We can also obtain an energy balance law using eqn. (6.61) by choosing N ap-
propriately. First note that the metric g,; on H can be written in spherical coordinates

as
Qap = fﬁQDarDbr T (Da9 Dy + sin’ 20 Db¢> (6.62)

where the coordinate 7 is defined to be the area radius of the trapped surfaces S (r :=
\/A/4m where A is the area of S) and f is a function of r such that Ea = f_lDar.

Using the volume measure on H obtained from this metric, the integral of R can be

~ 2 -1 25 2 ~1
/ NR:/ dr <Nf 7{7“ RdQ) :871'/ dr Nf (6.63)
\%4 ™ S ™

written as
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where we have used the Gauss-Bonnet theorem in the last step and r{ and 79 are the
radii of the initial and final cross-sections S and Sy respectively (see fig.6.1). If we now
agree to choose the lapse such that N = f = ||dr||, and if we define the mass of S by
M =r/2 = /A/167, then from eqn. (6.61) we get

My — My = /‘/Tabf b By (6.64)

where ¢ ¢ := /2N¢. This is the balance law we were looking for. It relates the
flux of energy across the black hole to the change in mass. The definition of mass
M = \/A/167 agrees with the definition used in non-rotating (and uncharged) iso-
lated horizons (eqn. (2.56). In particular, it agrees with the definition used for the
Schwarzschild black hole. In a lot of the numerical relativity literature, \/m is often
called the ‘apparent horizon mass’. The analysis presented above justifies this terminol-
ogy in the dynamical regime for spherically symmetric black holes. However, as we have
already seen in section 2.4, this definition is not appropriate if the apparent horizon is a
section of an isolated horizon which is not spherically symmetric. Not surprisingly, we
shall see below that this is also not the appropriate definition of mass for non-spherically

symmetric black holes in the non-isolated case.

The general case: Let us now turn to the general case where we do not assume
the existence of any symmetries. As in the spherically symmetric case, we need to
decompose the extrinsic curvatures C; and 2’Cab appropriately. Generalizing eqn. (6.60)

we decompose these symmetric tensors in the following manner:

2 1 2 . - 2
K = ) (“K) dabt Oab> (6.65)
Kap = Adap +5ap +2W(, Ry) + BRIy (6.66)

In these equations, A and B are arbitrary functions on H, Qaab is the trace free part of
2’Cab7 T4 is the trace free part of the projection of Iy, on S (G, = /%ab — %Iajab where
Eab = (Ya Cq~b dICCd), W, is the projection of ICabf% b onto S W, = NGCICCbE b) and
finally, as before, B := ICab}N? @R b Note that if S were a section of an isolated horizon,
W, would be the projection of the one-form w, defined in eqn. (2.5) onto S (see also
eqn. (2.48) where it is shown that 0, = K bRb). It is also worth keeping in mind that,
in the axisymmetric case, angular momen(t_um is given by the integral of Wacpa over S

(see eqn. (6.34)).
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With these decompositions, the following results are very easily verified

26,2 = %(216)2+20ab20ab7 (6.67)
K = 24+B, (6.68)
Kk = LCK? 45,5 P+ 2w, W+ B (6.69)
K = —24. (6.70)

Eqn. (6.70) is a direct consequence of eqn. (6.59). Substituting these expressions in

eqn. (6.57) we get the result
167v/2 / (NTabT azb) PV = (6.71)
1%
N{R =201 o0} —2W,W* —2W “R"D,R, + 201"} d*V
v ) b’ (0) a bila a”

where () = (2‘7ab + G4p)/V/2 is the shear of the outgoing null normal (¢ = (T "+
- a
R %) /\/2. Let us first consider the D, " term. The vector field v* is given by

’)/a = Oza+ﬂa = éb'Dbé “ *éa'Dbé b+ICab§b ~KR®. (6.72)

Note that ’yaéa = 2K+ ICabé “RY_ K =0 because of eqn. (6.59). This shows that
% is tangential to S; in the spherically symmetric case, this implied that v* vanishes

identically. In general we get
V=", = R' DR+ W (6.73)
Substituting this result in eqn. (6.71) and integrating the D,v* term by parts we obtain
1672 /v (NTRT ) a*v = /v {~2W "D N 2B (DR )(D,N) | d*V
+ /v N{R - za(g)aba&b) —2W, W —2W R'D,R,} d*V . (6.74)

Let us define a function h (D h # 0) on H such that the trapped surfaces are level
surfaces of h. Clearly, any smooth monotonic function of A will also suffice for our
purposes. In the spherically symmetric case, it was natural to take h to be the area
radius of the trapped surfaces but here, in the general case, we shall not make this

restriction. There must then exist another function f such that Ea = f_lpah which
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also implies f = ||dh||. Using this definition, we can obtain a useful expression for
R aDQISL b as follows:

~ ~ b ~ b 1/2 -1~ b
Dof = q, Dyf =4, Dy (Dch Dh) 2=y q, (D°h)DyDh
— FR°D,R. (6.75)
This immediately gives B
Da 5 Dbf

Substituting this result in eqn. (6.74), making the choice N = f and rearranging terms,

we finally get the important result

~ 2 ~ 2
/16m/§ NT,T PV + /N{z)a(@\ +2‘W+DlnN‘ } R
\% v

= [ NRdV (6.77)
\%4
where
2 ab
‘O’(g)‘ =900 40 (0) (6.78)
and
~ 2 ~ ~

W+D1n]\7‘ = (Wy+ Dyl N) (W*+D“mN) . (6.79)

Eqn. (6.77) is the key result of our analysis of dynamical horizons. Each term on the
left hand side of this equation is manifestly positive (the T, term is positive due to the
energy condition). The first term is the flux of energy due to matter fields along the

outward pointing null normal /. Denote this term by fr(rf;tter:

matter

FO / 1657, T 00 d°v (6.80)
%

where £ ¢ := 2N(2. By analogy with null infinity and motivated by the discussion
of section 3.1, the \0(5)]2 can be interpreted as the flux of energy due to gravitational
radiation. Finally, since W, is intimately related to angular momentum, the term in-
volving W, and N may be interpreted as the energy in the angular momentum of the

gravitational radiation flowing across the black hole. Denote both these terms together
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by 7

grav.’
Ao = o aleef w2 P} atv
R
|4

where |'y|2 = v,7"; we have used eqn. (6.73) along with eqn. (6.76) and N = f to obtain
W, + Ea In N = ~,. With this notation, the energy balance equation is

matter grav.

FO L0 / NR &V . (6.82)
v

The integral of N R on the right hand side of this equation contains information about
the black hole mass; we need an appropriate definition of mass in order to express this
as a difference between the masses of 57 and Ss.

Since q,p = qup + f _QDGthh, the volume element d>V on H obtained from dab
can be written as d°V = f_ldh d?A = N~Ydhd® A where d A is the area element on S
obtained from q,;. Let hj and hg be the values of the function A on the initial and final

cross sections S and Sy respectively. The integral of N R can therefore be written as

/VNfé PV = /}:2 dr (ﬂﬁd%) — 8 (hy — hy) - (6.83)

While this looks very similar to the result obtained in the spherically symmetric case,
there is an important difference. While in the spherically symmetric case, we set h = r
(and therefore N = ||dr||) where r is the area radius of the horizon, we have not made
that choice here. There is nothing preventing us from making this choice, and in fact
this choice turns eqn. (6.83) into an explicit proof of the area increase law for dynamical
horizons. However, we now argue that this is not the appropriate choice for defining
black hole mass in the absence of spherical symmetry.

Consider the world tube H of apparent horizons and look at the general case when
a portion (denoted by A) of this world tube is null and a part of it (called H) is spacelike;
H = AUH and A is a closed subset of H while H is an open subset. This situation
will arise, for instance, if a dynamical horizon settles down to an isolated horizon or if
matter fields or radiation falls into an isolated horizon. Assume further that this world
tube of apparent horizons is axisymmetric. In the null portion, we assume the existence

of a rotational vector field p? satisfying the conditions given in section 2.4 while in the
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spacelike portion, we require the existence of a vector field ¢® which is tangent to the
preferred cross-sections and is a Killing vector of the three-metric g,;. Any notion of
mass for the dynamical sections must reduce to the isolated horizon mass when applied
to an isolated cross section, in fact there must be a smooth transition between the two
regimes. In particular, they should give the same answer on the cross-section S defined
above. Considered as a cross section of A, the mass of S is given by eqn. (2.56) which
will not be equal to r/2 if the angular momentum is non-zero. This tells us that the
mass of cross-sections of H cannot be taken to be r/2 if we want a unified description of
the whole of H. Note that in the spherically symmetric case, the choice M = r/2 works
perfectly well for the whole of H.

Let us conclude this chapter by briefly some work in progress describing our
strategy for obtaining a mass formula for the axisymmetric case. In order to get a
definition of mass we have to know what we mean by time translation at the horizon.
Just as in the case of isolated horizons, we want the time translation vector at the horizon
to be of the form A¢+ Q¢ where A and 2 are functions on H which are constant on each
of the preferred cross-sections; A and €2 are function only of r. We want to choose A
and 2 on each cross section such that the mass is given by the isolated horizon formula
eqn. (2.56) and the difference between the mass on two infinitesimally separated cross
sections is given by the first law. The balance law would then be a ‘finite’ version of the

first law and would also include a contribution due to gravitational radiation.
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Chapter 7

Conclusion and future directions

In this thesis we have presented some applications of the isolated horizon frame-
work to numerical relativity. The main motivation behind this work is that numerical
simulations of black hole spacetimes are rapidly improving and are dealing with more
and more complex situations. In simple cases, very often rough ideas based on intuition
gained from idealized situations are satisfactory and lead to excellent physical insight.
However, there are many subtleties in the dynamical strong-field regime of general rel-
ativity and to extract physical information from numerical simulations, one needs a
systematic analytic framework. In this regard, it is important to bridge the gap between
the fields of mathematical and numerical relativity.

We have shown that the framework of isolated horizons can be a useful tool
for studying the physics in numerical evolutions. This framework is closely related to
the commonly used notion of apparent horizons and is therefore directly applicable to
numerical situations. In particular, we have presented a method of calculating the mass
and angular momentum of an isolated black hole in a coordinate invariant manner. To
calculate angular momentum, we need to locate a symmetry vector on the horizon. We
present a method for finding Killing vectors and implement it numerically. We have
also implemented some ideas which are the first step in studying the local geometry of a
black hole based on isolated horizons. In particular, a method for finding the preferred
null normal on the horizon has been implemented. Work is in progress to implement the
construction of the local coordinate system near the black hole and extract the invariant
gravitational waveforms using this coordinate system.

We have applied some of these ideas to study initial data sets. In particular, we
show that the isolated horizon formulae are very useful in computation of binding energy
between two black holes. This would be useful in, for example, comparing different initial
data sets representing roughly the same physical situation. We study the Brill-Lindquist

data as a test case since this is one of the few data sets which can be handled analytically.
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We have also briefly discussed some issues regarding the ADM quantities at in-
finity. In particular, the numerical computation of ADM angular momentum involves
some subtleties and these may be relevant in numerical computations.

Finally, we have presented some ideas for understanding fully dynamical black
holes. While it turns out to be remarkably easy to define angular momentum, issues
regarding linear momentum and mass are more complicated. The definition of linear
momentum is still unresolved but there are some promising candidates at least in certain
special cases. As far as mass and energy are concerned, we have obtained a balance law
relating the change in energy of the black hole with the flux of energy due to matter fields
and radiation falling into the black hole. This should be useful in practical situations
because all quantities in this balance law are not difficult to calculate in typical numerical
simulations.

To conclude, we briefly mention another very important potential application of
isolated horizons. The isolated horizon framework may also be used to construct initial
data representing two (or more) black holes far away from each other. We want to
specify the individual black hole spins, velocities and masses in the initial data when
the two black holes are very far apart. For this purpose, the formulae for Jo and MAa
would be relevant, and we may assume that the black holes will be isolated at least
for a short time and will form an isolated horizon at least for an infinitesimal period
of time. The isolated horizon conditions will then yield boundary conditions at the
apparent horizon which can be used to solve the constraint equations on the spatial slice.
Pioneering work in this direction has already been carried out by Cook [9]. In this work,
Cook uses a method of solving the constraints known as the conformal thin-sandwich
method. It turns out that the boundary conditions required to solve the constraints
in this approach are essentially based on the assumption that the black holes are very
far apart and are in equilibrium, at least momentarily. The quasi-equilibrium boundary
conditions developed by Cook are identical to the isolated horizon boundary conditions
in many ways. It would be interesting to see exactly how Cook’s approach is related to

the isolated horizon formalism.
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Appendix A

Curvature scalars in the Newman-Penrose formalism

In this appendix we summarize the Newman-Penrose formalism relevant for our
purposes (see e.g. [26] for a complete account). Apart from the spacetime signature
which we take to be (—, +, +,+), we will follow the conventions used in [26]. Consider a

tetrad of null vectors n, ¢, m and m (n and ¢ are real while m is complex) which satisfy

nt{ = -1 nm = 0 nm = 0

(A.1)
Ifm = 0 fm = 0 mm = 1.

The full the information contained in the connection is expressed in terms of twelve

complex scalars called the Newman-Penrose spin coefficients defined as follows:

ko= —mUVy, e = S@UVym, — Ve, 1 = mUVyn,

o = —mambvbﬁa g = %(mambvbma - nambvbﬁa) po= Wambvbna

p = —maﬁbvbfa o = %(mambvbma — naﬁbvbﬂa) A= m“mbvbna

T = —manbvbﬂa v o= %(manbvbma - nanbvbﬁa) v o= m“nbvbna .
(A.2)

The ten independent components of the Weyl tensor are expressed in terms of five com-
plex scalars W, ¥y, Uy, U3 and ¥,. The ten components of the Ricci tensor are defined
in terms of four real and three complex scalars @, 11, ®99, A, 1, 9y and P9y .

These scalars are defined as follows:

Vg = Cgpegl®mPtm® &y = 1R emb @y = IR,emb

v, = C’abcdﬁambﬁcnd Dpp = %Rabmamb D9y = %Rabmamb

Uy = Cabcdﬂambmcnd Oy = %Rabmanb P9 = %Rabmanb

Uy = Cgpegt™®mn® &gy = IR ® = IRy (%° + mmb)
v, = C’abcdmanbmcnd b9y = %Rabnanb A = % .

(A.3)
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The allowed tetrad transformations and the corresponding transformation of the curva-

ture tensors are given below. First consider the spin-boost transformation:

(= (= a2€, n—n=a’n and m — i =eOm. (A.4)

Under this transformation, the curvature scalars transform as follows:

Byg = a*®y by = a2e?a Bgy = 'y,
= = 2 %0 = 4
Q1 = P13 Plg = a ‘e Qg9 = a "Dy (A.5)
i\I}O = CL4€429\I/O \Afll = a26210\111 \AI}Q = \112
@3 = a_2e_210\113 \54 = a_4e_420\114 .
The null-rotations about ¢ are given by
(—0=t, m—m=m+¢el, n—n=n+cm+cm+cel. (A.6)

Under this transformation, the curvature scalars for the Ricci tensor transform as follows:

ooy = P,
Bor = D1 +2®g,
Bgy = Bgg + 26Pg; + TPy
By = Byy 4Py + g+ ey,
By = Byo+ by + 260 + 266Dy + TDyq + T2 Dy
Doy = Doy + 2Py + 26Dy + Dy + 42Dy + T Pog +
2626<I>01 + 2c62<1>10 + 6262<I>00 : (A.7)

The Weyl tensor components transform as:

Yo = ¥y,

\Tll = Wy +c¥g,

\TIQ = WUy 4 2c¥q + 02\110 ,

\1'3 = W3+ 3c¥y + 302\111 + 03\110 ,

\114 = \1’4 + 40‘113 + 602‘112 + 463‘1/1 + 64\If0 . (AS)



102

Appendix B

Locating the apparent horizon in the

Brill-Lindquist data

When the black holes are far apart, each puncture is surrounded by an appar-
ent horizon and when d becomes small enough, there is one common apparent horizon
surrounding both punctures. The apparent horizon is defined as the closed two-surface
for which the expansion 0(@ of the outward normal ¢ (defined in equation (2.1)) is zero.
This leads to the following well known equation which contains only three dimensional
quantities:

. a apb a
0=D,R"+K—-K, ,R'R"=D,R (B.1)

where R® is the outward normal to the two-surface we are trying to find and we have
used the fact that the extrinsic curvature K is identically zero for the Brill-Lindquist
data.

Thus we have to find a surface whose unit normal is divergence free. We focus on
the apparent horizon surrounding the origin. Since the metric is axisymmetric, we may
assume that the apparent horizon is axisymmetric as well. Let the surface S be given by
a level surface of a function f(r,0) = r — h(#) and let us also assume without any loss of

generality that f = 0 at the surface S. The unit normal to S is then

O R L AR TEAL 52)

il g2 fr g \or o 206

where hy denotes the derivative of h(f) with respect to #. We can now calculate the

divergence of R%:

1 0(ygRY) 1 ) o [¢*Psine 9 [ ¢'rhgsing

D R =

atr ozh or /2 12 00 /2 12
V4 V4 e+ hy e+ hy
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The apparent horizon equation (eq.(B.1)) becomes

g ¢4rh9 sin @ 2 d)4r3 sin 6 ' (B.3)

00 2 2 ~or 2 2
A/ +h9 r=h(0) AT +h9 r—h(6)

We substitute the condition » = h(f) only after all the derivatives are taken. This will
lead to a highly non-linear second-order ODE for h(#) which will be of the form
d*h

ﬁﬁ-F(e,h,hg;Oél,OQ,d) =0.

The function F' and thus the equation itself is parameterized by oy, a9 and d. We want
to find a solution to this equation perturbatively in powers of 1/d. Strictly speaking,
since 1/d is not dimensionless, it is not a valid perturbation parameter; we should instead
use €] := a1 /d and €9 := ay/d. However, just for convenience, we shall continue to use
1/d with the understanding that we are actually using e; and ey. It can easily be shown

that F' does not diverge as d — oo and F' is analytic in 1/d:

n=oo

2
d“h G,,(0,h, hy; aq, a9)
—s+ Y =0. (B.4)
2 n
e d
We may now truncate the equation at say the " order
d’h
W—FFZ(Q,}L, h@;al,ag,d) =0 (B5)
where .
— G,,(8,h, hg; aq, 9)
F; = Z n o . (B.6)
n=0

Let us denote the solution to this truncated equation by ﬁZ(Q) and the solution to the

full equation (eq.(B.4)) by h(#). In general, these solutions may be expanded as

n=oo ~ n=oo A 9
h(o) =Y Agﬁf) and  hy(0)= ) ”d’}f ). (B.7)

n=0 n=0

It is not difficult to see that the truncated solution &, () will agree with h(#) upto the
it order so that Ajp = A for i < n. Therefore h; = h; + O(l/dHl) where h; is the
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partial sum

FOED DL (B
n=0

Thus the general solution h(f) can be found by solving the truncated equations to find
Bi () which we shall now do for ¢ = 0,1,2,3. We will need the expansion of ¢(r,6):

aq a9
o(r,0) = 14+ —+
d \/r2+d2—2drc059

2
1
= <1+a1>+%+%COSQ+%<3COS29—1)+O<CZ—4> . (B.9)

r d

Solution to O(1): At the lowest order, ¢ = ¢g + O(1/d) where ¢y(r,0) = 1 + aq/r
which is spherically symmetric. This implies that the apparent horizon is spherically
symmetric at this order i.e. h( is independent of § and we can thus set hy = 0 in

eq.(B.3) and get

0 (2.4 At 9 (2 _on(l
or (T ¢ )r:ho =0 <d> ~ or (T¢0)r:h0 =0 <d> ‘ (B.10)
This leads to
2
1

0= % (m%)r:ho = % (r (1+ %)2>r:% =1- (;;)2 (B.11)

which implies that to lowest order, the apparent horizon is at 7 = hg = a.
Solution to order O(1/d): At this order, ¢ = ¢ + O(l/dQ) where

¢1(7’,9):1+%+%

2. (B.12)

Since ¢(r,0) is spherically symmetric at this order, the apparent horizon is spherically

symmetric even at O(1/d) i.e. Ay is independent of #. As before, eq.(B.3) reduces to

% <r¢?)rzh1 _0 (;—2) (B.13)

which, using eq.(B.12), is truncated to

2 2
9 @ ) 1 a1a9 209 1
0= 142 2 2 =1 B.14
or (r( * r + d + r2 * rd * ( )
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which implies that upto O(1/d), the apparent horizon is located at

Q192

Py —ay - O (B.15
Solution to O(l/dQ): At this order ¢ = ¢9 + 0(1/d3) where
aq a9 agr
=14+—=+ =4+ = . B.1
¢o(r,0) -+t g cos 6 (B.16)

Since ¢9(r, ) and therefore the metric is not spherically symmetric at this order, Ay ()
will not be independent of 6. Since h(6) = hy(6) + O(1/d®) and also it is only the 1/d?
part of ho(6) which depends on 6, it follows that hy = O(1/ d?). Therefore, in eq.(B.3)
we can neglect the hg terms and put hy = A/2 (0)/ d? to obtain

10 (4. ,dAy 0 2.4 1
200 (qﬁ sin W)r:hz = (7" o) Sm0>rh2 +0 <d3> . (B.17)

Since ¢(r,0) depends on € only in the second order, it is clear that we can take ¢(r, )
outside the derivative in the LHS of eq.(B.17) and just evaluate it at r = hj = «y. Since
¢(hq,6) =2+ O(1/d) the equation reduces to

16 1 d (.  dAs d (2.4 1
1 1 a @2\ _ 9 . B.1
1256 do (Sm 9 > or (T ¢2>r:h2 O <d3> (B.18)

We now need to evaluate the RHS of this equation

2
% <r2¢§)rzh2 = % (r2¢§)rzh1 + (hy — hl)% (T2¢g>r:h1 _ (B.19)
It is rather straightforward but somewhat tedious to show
9 (2.4 1
o2 (702),, = 1040 <a> ’
% (r2¢)421)r:h1 _ 163%042 (Baqcost —ag) + O (%) . (B.20)

Furthermore, using hy — hy = AQ/dZ7 eq.(B.18) is truncated to

1 d . ,dAg 52 2
o (sm 0%) — Ay =3ajagcost —aja; . (B.21)
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The unique solution to this equation (which is just a inhomogeneous Legendre equation)
can be found by putting A9(8) = By + By cos and solving for the coefficients By and
By. This leads to the result A9 (6) = ajag(ay—aq cosf). Thus to 0(1/d2), the apparent
horizon is located at

a1y | 19

r=nhy(d) =a; — y + 2 (g — q cosh) . (B.22)

Solution to O(1/d>): At this order ¢ = ¢ + O(1/d>) where

2
¢3(r,9):(1+%)+%+%c 0+7(3m o-1). (B.23)

Since hg = O(l/d4), we can neglect the hg terms in eq.(B.3):

1
sin 0

QJ|Q.)

((Z) hg sin «9) by = % (T2¢4>r:h3 +0 (%) . (B.24)

Since hg = hg + A3/ d3, we get the following expression for hg

2
;g 1 dA 1
hg = ;2 siné + — d93+(9<d4> (B.25)

Since hy = 0(1/d2), we only need ¢ to O(1/d) in the LHS of eq.(B.24) and we can in
fact just evaluate ¢y at r = hy = a7 — a9 /d which yields

64 1
¢*(hs,0) = 16 + % +0 <d2) . (B.26)

Thus eq.(B.24) becomes

2
640w 1 d [ajag o sinf dAs d (92,4 1
164 2292 L 31 _ 2 ERN
<6+ d >sin0d9< 2 SO0t s T (r ¢3)r:h3+0 u

(B.27)

It can also be shown that

2
0 32a7 a9 16 3
57 ( ¢3) vy = o cos 0 + B <a1a2 -«

L ) ( = > (B.28)

%oz; cos 0 + 5oz?a2P2(cos 0))

d3 d4
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where Py(cosf) = (3 cos? ) — 1)/2 is the second Legendre polynomial. Using this in
eq.(B.27) and truncating to O(l/dg), we get

1 d (. dA 3 2 2 3
T, (sm 9—3> — Ag = aja; — 9aja; cos b + bajag Py(cos ) . (B.29)
The solution of this equation must be of the form Ag = By + By cosf + By Py(cos ).
Substituting this in eq.(B.29) and solving for B; we get the location of the AH to 0(1/d3):
o | a9
d d2
2 5 2
oy — 3ajagcost + ?alPQ(cos )] . (B.30)

r=nhg(0) = o -

(o9 — aq cos b))

109

d3
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Appendix C

Schwarzschild black hole in a magnetic field

In this appendix, we want to briefly discuss the effect of magnetic fields on a black
hole. We find the value of the magnetic field for which these effects become important
and show that the great circle method discussed in section 3.4 gives a non-zero answer
for angular momentum for these solutions.

Solutions describing Schwarzschild, Riessner-Nordstrom and Kerr black holes im-
mersed in magnetic fields were found by Ernst [17]; here we shall only consider the
Schwarzschild case. A Schwarzschild black hole in a magnetic field is described by the

following static axi-symmetric metric
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where F' is a function given by
1
F=1+ ZBSTQ sin? 0. (C.2)

The constant By is the value of the magnetic field on the north and south poles of the
horizon. We recover the Schwarzschild solution for By = 0. The horizon is still located
at r = R := 2M but the it is no longer a constant curvature two-sphere; it is distorted.
The black hole mass is M and the area of the horizon is Ap = AT R? = 167 M? which is
the same as for the usual Schwarzschild black hole.

To quantify the distortion of the horizon, we use the scalar curvature R of the

two-metric on the horizon:
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min Pe respectively the maximum and minimum values of R; define
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Bonnet theorem, it follows that < R>=2 / R2. If the horizon is to be distorted by say

min- Let <R > be the average of R over the horizon; from the Gauss-
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at least p%, we would require N
oR
A (C.4)
<R > 100

In the present case, it is easy to see that

R = %<1+2B8R2>
5252
Ronin = %(1 B 1) (©5)

(14 ByR? /4)3

For general values of By, eqn. (C.4) leads to a quartic inequality for B(y. For astrophysical
purposes, the case ByR < 1 will be the most important case. Assuming this condition,

from eqn. (C.4) we get the following inequality which is valid for small values of p:

ByR < \1/—5. (C.6)

For comparing with observations, it is useful to rewrite this in c.g.s. units:

ByR > \;—2@\1/—5 ~ 3.5 X 1024\1/—5 Gauss-cm . (C.7)
We have used the fact that in the c.g.s. system the magnetic field B has dimensions
of MY2L 71271 and G/c4 has dimensions of M 1L 7172 If we divide both sides of
eqn. (C.7) by the Schwarzschild radius of the Sun which is approximately 3 km, then we
get

ByM > /p x 10'® Gauss (C.8)

where M is the mass of the black hole measured in solar masses. As an example, for a
10 solar mass black hole, a magnetic field of about 3 x 10!7 Gauss would be required to
distort the black hole by about 10%. We also see from this result that larger black holes
are more easily distorted than smaller black holes.

To conclude this appendix, let us apply the great circle method to calculate an-
gular momentum. The proper lengths of the equator (L,) and the polar meridian (Lp)
are

L, =2rR (1 + B§M2)_1 and L, =nR <1 + B§M2) : (C.9)
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The distortion parameter § = (L, — L;)) /L, (discussed in section 3.4) for small values of

ByM is given by
L,—L,

2 1p
§ = ~ 2
L

R ~ 2100

1.2
N —3 By (C.10)
€
where we have used eqn. (C.7) written in geometrical units. This shows explicitly that
the angular momentum calculated by this method will be non-zero for this static axi-

symmetric black hole.



1]

[10]
[11]

[12]

111

References

A. Ashtekar, C. Beetle, O. Dreyer, S. Fairhurst, B. Krishnan, J. Lewandowski, J.
Wisniewski. Generic isolated horizons and their applications. Phys. Rev. Lett.,
85:3564-3567, 2000.

A. Ashtekar, C. Beetle and S. Fairhurst. Mechanics of isolated horizons. Class.
Quant. Grav., 17:253, 2000.

A. Ashtekar, S. Fairhurst and B. Krishnan. Isolated horizons: Hamiltonian evolution
and the first law. Phys. Rev., D62:104025, 2000.

A. Ashtekar, C. Beetle and J. Lewandowski. Mechanics of rotating isolated horizons.
Phys. Rev., D64:044016, 2001.

A. Ashtekar, C. Beetle and J. Lewandowski. Geometry of generic isolated horizons.
Class. Quant. Grav, 19.

O. Dreyer, B. Krishnan, E. Schnetter and D. Shoemaker. Introduction to isolated
horizons in numerical relativity. gr-qc/0206008.

J. L. Friedman, K. Schleich and D. M. Witt. Topological censorship. Phys. Reuv.
Lett., 71:1486-1489, 1993.

R. Geroch and J.B. Hartle. Distorted black holes. J. Math. Phys., 23(4):680, 1982.

G.B. Cook. Corotating and irrotational binary black holes in quasi-circular orbits.
Phys. Rev., D65:084003, 2002.

R. M. Wald. General Relativity. University of Chicago Press, 1984.
J. Lee. Riemannian Geometry. Graduate texts in mathematics. Springer, 1995.

I. Booth. Metric-based hamiltonians, null boundaries, and isolated horizons.

Class. Quant. Grav., 18:4239-4264, 2001.
S. Hayward. General laws of black hole dynamics. Phys. Rev., D49:6467—-6474, 1994.

A. Ashtekar and A. Magnon-Ashtekar. A technique for analyzing the structure of
isometries. J. Math. Phys., 19(7):1567-1572, 1978.



[15]

[16]

[17]

[18]

[26]

112
R. A. Matzner, M. F. Huq, and D. Shoemaker. Phys. Rev., D59:024015, 1999.

L. Smarr. Surface geometry of charged rotating black holes. Phys. Rev., D7:289-295,
1973.

F. J. Ernst. Black holes in a magnetic universe. J. Math. Phys., 17:54-56, 1976.

H.P. Pfeiffer, G.B. Cook and S.A. Teukolsky. Comparing initial-data sets for binary
black holes. gr-qc/0203085.

D. Brill and R.W. Lindquist. Interaction energy in geometrostatics. Phys. Rewv.,
131:471-476, 1963.

C.W. Misner. Womhole initial conditions. Phys. Rev., 118(4):1110-1111, 1959.

C.W. Misner. The method of images in geometrostatics. Ann. Phys., 24:102-177,
1963.

A. Ashtekar and A. Magnon. From i¥ to the 3 + 1 description of spatial infinity. J.
Math. Phys., 25:2682-2690, 1984.

A. Ashtekar. New perspectives in canonical gravity. Bibliopolis, 1988.

S. Chandrasekhar. The Mathematical Theory of Black Holes. Oxford University
Press, 1983.

E.T. Newman and K.P. Tod. Asymptotically flat spacetimes. In A. Held, editor,

General relativity and gravitation. Plenum, 1980.

J. Stewart. Advanced General Relativity. Cambridge University Press, 1991.



Vita

Badri Krishnan was born in New Delhi, India in 1974. He did his undergraduate
and masters work at the Indian Institute of Technology (Kanpur) from 1992-97 where
he obtained his integrated M.Sc. in physics. In 1997 he joined the Pennsylvania State
University as a graduate student and has been a Ph.D candidate in physics for the past

five years. His papers include:

A. Ashtekar, S. Fairhurst and B. Krishnan, Isolated Horizons: Hamiltonian Evolution

and the First Law, Phys. Rev. D62 104025 (2000)

A. Ashtekar, C. Beetle, O. Dreyer, S. Fairhurst, B. Krishnan, J. Lewandowski and J.
Wisniewski, Generic Isolated Horizons and their Applications, Phys. Rev. Lett. 85,
3564-3567 (2000)

S. Fairhurst and B. Krishnan, Distorted Black Holes with Charge, Int. J. Mod. Phys.
D10, 691-709 (2001)

O. Dreyer, B. Krishnan, E. Schnetter and D. Shoemaker, Isolated Horizons in Numerical
Relativity, gr-qc/0206008

O. Dreyer, L. S. Finn, B. Kelly, B. Krishnan, R. Lopez-Aleman, Black Hole Spectroscopy:

Testing General Relativity through Gravity Wave Observations, in preperation

L.S. Finn, B. Krishnan and P. Sutton, A Figure of Merit for a Gamma—Ray—Burst and
Gravitational-Wave—Burst Association, in preparation



