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Abstract

We propose a method to define and investigate finite size systems in general relativity
in terms of their matter plus gravitational energy content. We achieve this by adopting
a generic formulation, that involves the embedding of an arbitrary dimensional time-
like worldsheet into an arbitrary dimensional spacetime, to a 2+2 picture. In our case,
the closed 2-dimensional spacelike surface S, that is orthogonal to the 2-dimensional
timelike worldsheet T at every point, encloses the system in question. The corre-
sponding Raychaudhuri equation of T is interpreted as a thermodynamic relation for
spherically symmetric systems in quasilocal thermodynamic equilibrium and leads to
a work-energy relation for more generic systems that are in nonequilibrium.

In the case of equilibrium, our quasilocal thermodynamic potentials are directly re-
lated to standard quasilocal energy definitions given in the literature. Quasilocal ther-
modynamic equilibrium is obtained by minimizing the Helmholtz free energy written
via the mean extrinsic curvature of S. Moreover, without any direct reference to sur-
face gravity, we find that the system comes into quasilocal thermodynamic equilibrium
when S is located at a generalized apparent horizon. We present a first law and the
corresponding worldsheet—constant temperature. Examples of the Schwarzschild,
Friedmann—Lemaitre and Lemaitre—Tolman geometries are investigated and com-
pared. Conditions for the quasilocal thermodynamic and hydrodynamic equilibrium
states to coincide are also discussed, and a quasilocal virial relation is suggested as
a potential application of this approach.

For the case of nonequilibrium, we first apply a transformation of the formalism of our
previous notation so that one may keep track of the quasilocal observables and the
null cone observables in tandem. We identify three null tetrad gauge conditions that
result from the integrability conditions of T and S. This guarantees that our quasilocal
system is well defined. In the Raychaudhuri equation of T, we identify the quasilocal
charge densities corresponding to the rotational and nonrotational degrees of free-
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dom, in addition to a relative work density related to tidal fields. We define the corre-
sponding quasilocal charges that appear in our work-energy relation and which can
potentially be exchanged with the surroundings. These charges and our tetrad con-
ditions are invariant under the boosting of the observers in the direction orthogonal
to S. We apply our construction to a radiating Vaidya spacetime, a C-metric and the
interior of a Lanczos-van Stockum dust metric. Delicate issues related to axially sym-
metric stationary spacetimes and possible extensions to the Kerr geometry are also
discussed.
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1 Introduction

In physics, what we ultimately want to understand is how things work. Those things
in question, of course, changed over the history of science as we gathered larger
amounts of physical data and invented/discovered better mathematics. From point ob-
jects to electromagnetic waves, from subatomic particles to their corresponding fields,
the very definition of ‘things’ has changed over time. Also it was with the advent of
thermodynamics and statistical mechanics that we started asking deeper questions
by investigating ensembles of particles in a conscious way. The ‘thing’ under investi-
gation is then referred to as a system. This is the first keyword of this thesis.

Moreover, in terms of the dynamics of the things, i.e., how/why things work, New-
ton’s construction of classical mechanics was the basis of all subsequent mathemat-
ical physics. Later with the Lagrangian and Hamiltonian formulations we obtained a
more physically and mathematically concrete understanding of the dynamics of things.
From that point on the energy concept became very important in physics. In fact, it
is interesting that the word energy was introduced in the literature by Young just a
few decades before the advent of Hamilton’s formulation [1]. Energy is the second
keyword of the thesis.

Today, hundred years after Einstein presented his theory of gravity, general relativity
(GR) is still lacking unique definitions of a system and energy. It is true that we have a
good understanding of the dynamics of matter particles on a curved background. We
can calculate their momentum and energy. However, general relativity is not a theory
which solely investigates the objects on a pre-defined geometry. In GR, the spacetime
geometry itself is the fundamental object which possesses energy. Geometry is our
last keyword.

The search for conserved quantities in general relativity started from its earliest days
and it has been a very hot topic ever since then. We know that the stress-energy
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tensor, T,,, is covariantly conserved, i.e., D,T", = 0 due to the Bianchi identities.

However, this tensor is defined only for the matter fields. Then one can ask whether

there is an analogous energy-momentum tensor that incorporates the effect of gravi-

tational fields. In the late 1950s Bel [2] came up with a concrete proposal by defining
] .

a 4™-rank tensor, L vap: This traceless tensor, L ivap:

and is analogous to the electromagnetic stress-energy tensor that is constructed from

is defined via the Weyl tensor

the electromagnetic field. It can be shown that in general relativity the Bel tensor is
divergence-free. However, this holds only in vacuum.

For many researchers, the actual aim has been to find a total stress-energy ten-
sor which includes the effect of both matter and gravitational fields, that is locally
conserved. Accordingly, much research interest has focused on pseudotensors
[3, 4, 5, 6, 7]. In particular, suppose we define the total stress-energy tensor via
1, =T, +7,, where 7, is the object that carries information about the gravita-
tional energy-momentum content. For various definitions of 7, it can be shown that
D, T, =0'. However, this can be achieved for those 7,, Which are not tensors, but
rather pseudotensors. This means that the resulting conservation law is coordinate

dependent which is an unwanted property for a covariant theory.

In classical field theories, our understanding of conserved quantities is directly related
to the corresponding continuous symmetries on account of Noether's Theorem. For
example, in simple words, if a system has rotational symmetry then the angular mo-
mentum is conserved and if it has time symmetry then the total energy of the system is
conserved. In general relativity, it is the object that is called the Killing vector that gen-
erates the infinitesimal spacetime isometries. Therefore, if one is after a conserved
energy definition in general relativity, one can start the investigation with a timelike
Killing vector, if the spacetime possesses one.

In fact, this is how one obtains the Komar mass [11] which can be defined via a
3-dimensional volume integral of a special combination of the matter stress-energy
tensor, observer 4-velocity and the timelike Killing vector that the spacetime may pos-
sess [12]. Therefore, the Komar mass is defined for a finite domain of a stationary
spacetime only. If in addition the spacetime is asymptotically flat, there exist two well-
constructed, well-known, global energy definitions in general relativity: the Arnowitt-
Deser-Misner (ADM) mass-energy [13] and the Bondi mass-energy [14]. The former,
ADM mass-energy definition, requires the flatness of 3-spaces at spatial infinity, i.e.,

'See [8, 9, 10] for recent, detailed reviews.



when the observers are located at r — 0.2 Similarly Bondi’s mass-energy definition
is obtained via the asymptotic symmetries of the spacetime at null infinity.

On the other hand, in general relativity, we do not only consider isolated objects, i.e.,
asymptotically flat spacetimes. We would like to understand systems in dynamical
spacetimes as well. Moreover, we want to investigate the strong field regime rather
than those regions where gravity behaves according to certain fall-off conditions.3
Accordingly, more concrete mass-energy definitions have been introduced in the liter-
ature since the 1990s. Among them, the Brown-York [24], Kijowski [25], Epp [26] and
Liu-Yau [27] energies are some of the ones which are constructed on or can be linked
to a canonical Hamiltonian formalism. These energy definitions are made for finite do-
mains of spacetime, i.e., they are quasilocal constructions. Also they do not require
any specific spacetime symmetry and therefore applicable for more generic space-
times. We will refer to the quasilocal energy definitions of Brown and York, Kijowski,
Epp and Liu and Yau many times throughout this thesis.

Our current work grew out of wanting to understand fundamental questions about the
nature of quasilocal energy in cosmology. According to the supervisor of this thesis,
David L. Wiltshire, the dark energy problem we have today is mainly a result of our
misinterpretation of the quasilocal energy differences of finite regions in the universe
that have different average Ricci curvature.* When this PhD study started, he was
after a rigorous formalism that relates energy-like quantities defined on small scales
to those of statistical averages in cosmology. Therefore the initial goal of this research
was to: i) identify the quasilocal kinetic energy corresponding to the expansion of small
scale regions in the universe , ii) find the most relevant averaging method associated
with it in order to understand the global effects on the large scale.

2We will discuss the ADM Hamiltonian formalism in more detail in the next chapter.

3In relativistic astrophysics, for example, black holes provide excellent laboratories for understanding
some of the important physical mechanisms in the universe. However, the very definition of a black
hole is teleological as the entire information about the spacetime has to be known for its existence
[15]. In addition to that, in the actual universe, black holes are not just isolated massive stars that
have collapsed long time ago and do not interact with their surroundings any longer. On the con-
trary, in most of the numerical relativity simulations, we investigate the results of their collisions,
their behaviour with their binary companions or their accretion mechanisms. Accordingly, our mea-
surements should be considered during a period of time evolution of the system. To accommodate
this, the dynamical horizon concept has become very popular over the last two decades. Dynam-
ical horizons are quasilocal constructions and their definition is not as demanding as the one of
an event horizon. Some of the main contributors of this field are Hayward [16, 17, 18, 19, 20] and
Ashtekar and Krishnan [21, 22] for 2+ 2 and 3 + 1 formulations respectively. One can see [23] for a
review and for some of the other examples in this field.

4See [28, 29, 30, 31] for Wiltshire’s Timescape cosmology and his conceptual ideas.
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However, for anyone who starts working on energy definitions in a gravitational the-
ory, it is immediately obvious that this problem is like a ball of string with many ends.
The identification of concepts such as kinetic and potential mass-energies for a finite
region of spacetime is immensely difficult for the generic case due to the non-linear,
coupled nature of gravity. Even to start such an investigation, one needs to fully un-
derstand how to best define ensemble and time averages of microstates of gravity.
This prompts one to look for a statistical theory of gravity and the corresponding equi-
librium states. Those equilibrium states are then expected to fit in a thermodynamic
picture which is usually applied to only horizons in general relativity.

After the realization of the fact that we were actually trying to bite off more than we
could chew, we focused on broader questions about quasilocal energy in general
relativity. The main consideration was then how to derive a rigorous method which
would allow us to identify at least some of the concepts that we mentioned above.
Therefore, in this thesis, we basically present a purely geometric method which allows
us to achieve this by consistently defining a system and the corresponding mass-
energies it possesses.

The outline of the thesis is as follows. In Chapter 2 we present various formal mathe-
matical preliminaries. This will help for familiarization with the Hamiltonian formulation
of field theory and energy definitions in GR. Also we present the mathematical foun-
dations of our approach, which follow from Capovilla and Guven’s purely geometric
construction [32]. Therefore Chapter 2 is the one in which energy and geometry come
into play.

The definition of a gravitating system is crucial for Chapter 3 in which we introduce
thermodynamic concepts.® We consider systems only defined in spherically sym-
metric spacetimes which are at thermodynamic equilibrium with their surroundings.
This follows from our geometrically defined equilibrium condition. We define certain
thermodynamic potentials and present an associated first law. Also, whether or not
the thermodynamic equilibrium coincides with the hydrodynamic equilibrium is inves-
tigated. This leads us to a virial relation which accounts for both the matter and
gravitational energy content of a finite region in question.

However, what we really mean by a system will be only clear in Chapter 4 in which
we investigate the finite regions of more generic spacetimes that are not in equilib-

SThis chapter was published as an article in Class. Quantum Grav. 32:165011 [33], arXiv:1506.05801.



rium with their surroundings.® We present a more mathematically concrete approach
by applying a translation of our formalism from that of Capovilla and Guven [32] to
that of Newman and Penrose [34]. We discuss the conditions that one needs to im-
pose on the null cone of the observers, who define those finite regions, in order to
end up with well defined energy-like quantities. Following this, we define energy-like
quantities which can potentially be exchanged with the surroundings, and a resulting
work-energy relation.

In terms of the applications, we consider Schwarzschild, Friedmann-Lemaitre-
Robertson-Walker and Lemaitre-Tolman geometries in Chapter 3. We investigate
the effects of time dependence and matter field inhomogeneities on the equilibrium
point and the corresponding thermodynamic potentials. In Chapter 4 we apply our
construction to a radiating Vaidya geometry, a C-metric and the interior of a Lanczos-
van Stockum dust metric. We obtain certain results which might initially seem counter
intuitive in a Newtonian framework. However, once we explain the physical content
behind these results, they will become more clear.

Although there are various studies in terms of both the energy definitions and the ge-
ometric approaches of GR in the literature, this thesis has essentially emerged after
careful reading and blending of the ideas presented in three papers: Kijowski’s [25],
Epp’s [26] and Capovilla and Guven’s [32]. Kijowski’s work presents a big picture of
the Hamiltonian formulation of GR in terms of its foundational and mathematical as-
pects. Epp’s work presents a very intuitive investigation in terms of understanding
energy and angular momentum by geometric means. This lead us to look for a more
concrete geometric construction in the 2 + 2 picture that would allow one to link the
geometry of 2-surfaces to the observables of finite regions. Such a geometric con-
struction, for arbitrary dimensions, is provided in the work of Capovilla and Guven.
We will refer to these papers many times throughout the thesis, as they provide the
conceptual and mathematical basis for our own ideas. The reader is advised to refer
to them whenever the details we provide here are not clear enough.

Note that we will use natural units in which ¢,G, ,kp are taken to be 1 throughout the
thesis. The metric signature will be (—,+, +,+).

6This chapter has been submitted for publication and can be found in arXiv:1602.07861.






2 Preliminaries

In this chapter, we would like to summarize the investigations and mathematical con-
structions that will be relevant throughout this thesis. We will provide two main sec-
tions: i) Hamiltonian formulations and some of the quasilocal energy definitions in
general relativity, ii) A geometrical construction that leads one to the Raychaudhuri
equation of a 2-dimensional timelike worldsheet.

Since our investigation is essentially about how to best define the mass-energy of a
relativistic system, understanding the necessity behind defining the system’s proper-
ties quasilocally is crucial in order to fully appreciate the original contributions that are
given in this thesis.

Therefore, firstly, we will help the reader to get familiar with the Hamiltonian formu-
lations. We will form analogies between the Hamiltonian formulations of classical
mechanics, field theories and general relativity. In order to present an example of
canonical Hamiltonian formulation of dynamics of the gravitating systems, we will out-
line Kijowski’s approach [25, 35]. Following this, other quasilocal energy definitions
— that are either derived via or related to the Hamilton-Jacobi formulation — will be
summarized.

Secondly, we will give a short summary of Capovilla and Guven’s geometric construc-
tion presented in [32]. The extrinsic variables of a timelike worldsheet T, and a space-
like surface S, orthogonal to it at every spacetime point will be introduced. Later, we
will present a derivation of Capovilla and Guven’s generalized Raychaudhuri equation
while also providing the steps one should follow to derive the Raychaudhuri equation
of a worldline in a standard way.

At first, the connection between those two sections will probably not be clear to the
reader. However, once we start defining the thermodynamic potentials in Chapter
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3 and define a work-energy relation in Chapter 4, those connections will be more
transparent.

2.1 Hamiltonian formulations and quasilocal energy
definitions in the literature

The Hamiltonian formulation of general relativity can be obtained by taking the vari-
ation of the action with respect to the spacetime metric, g,,. The metric g,,, i.e., the
gravitational field, acts as a source for gravitational energy while at the same time
defining the rulers and clocks of the observers who would like to measure and quan-
tify the gravitational energy in question. Note that there is no additional background
via which the dynamics of g,, can be investigated.

Moreover, according to the strong equivalence principle, one can always find a local
frame in which g, reduces to the metric of flat spacetime'. This means that for any
gravitational energy definition which is built upon the curvature of the spacetime via
g and its first derivatives locally, the gravitational energy is locally zero. Therefore
defining the gravitational energy is a challenge for general relativity.

There have been numerous attempts to define the gravitational energy locally via
pseudotensors [3, 4, 5, 6, 7]. Construction of those non-tensorial objects requires a
vector which generates the symmetries of the given spacetime and a covariant deriva-
tive operator associated with either a non-dynamical auxiliary background metric or
a connection. There exist pseudotensors defined by using the partial derivatives of
the local coordinates as well. The resultant gravitational energy calculated via the
pseudotensor is of course required to be independent of the non-physical background
metric or the coordinates. Note that although pseudotensors are helpful for defining
the gravitational energy for preferred observers in certain situations, most of the time,
they cannot succeed in reflecting the coupled matter plus gravitational energy of the

'In general relativity we assume local flatness. On a Riemannian manifold, we can always choose
normal coordinates within an open neighbourhood of a point such that the metric is written as

1 s
8uv = Nuv — 5 ,um’ﬁxaxﬁ + 0()53), (2.1)

in which x* refer to the arbitrary coordinates and #* refer to the transformed, normal coordinates.
Therefore one needs to keep in mind that g,,, = 1,,, is true only up to first order [36].



2.1 Hamiltonian formulations and quasilocal energy definitions in the literature

system. Moreover, only certain classes of them satisfy the conservation equation with
the correct weight 2 [37].

A careful application of the Hamiltonian approach to the theory of general relativity
shows that: i) Part of the Hamiltonian that appears as a 3-dimensional volume in-
tegral gives us the constraints, i.e., the first order Einstein field equations. ii) The
2-dimensional boundary Hamiltonian is in fact non-vanishing and it is the part that
is physically relevant for the mass-energy measurements of the observers [24, 25].
Because of this, the matter plus gravitational energy of a system is at best defined
quasilocally in general relativity.

On the other hand, quasilocality is not only demanded for the consistent definition of
the matter plus gravitational energy of a relativistic system on account of the equiv-
alence principle. In fact, quasilocality is at the heart of the very idea of measure-
ment. The observables we measure are all obtained by finite size ‘laboratories’ in
finite amounts of time [38]. Also in terms of quantum field theory considerations,
physical observables should be associated with finite regions of spacetime [39].

Now that the importance of quasilocal energy definitions is emphasised, we will
present more details in terms of the Hamiltonian formulations of general relativity. To
do that, we will mostly follow references [25] and [35] of Kijowski in which analogies
between Hamiltonian formulations of classical mechanics, field theories and general
relativity are formed. This allows one to see the big picture in terms of a canonical
Hamiltonian formulation of general relativity. We will also discuss those quasilocal
energy definitions which are most relevant to our investigation. Note that a detailed
review of quasilocal energy definitions can be found in [37].

2Let z’(‘zvk) be a gravitational stress-energy pseudotensor with k € R. Some of the well known pseu-

dotensors in GR can be defined via 2|g[**! (87rGt2’£<> —G"ﬁ) = 0,0, (lglk“ [g”ﬁgﬂv—g‘”gﬂ/‘]). Then
(07

the Einstein field equations imply that 0a(|g|k+1 [t(zﬁk) + T"ﬂ]) =0 where T is the matter stress en-

ergy tensor. This shows that there is only one pseudotensor, z’(‘_vz), which satisfies the conservation
of the “total” stress-energy tensor with the correct weight.
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2.1.1 Generating functions in classical mechanics, “control” and
“response” variables

In order to formulate the dynamics of a system in classical mechanics, consider the
function L as a generating function of a 2n-dimensional Lagrangian submanifold D, in
the 4n-dimensional symplectic space P. In P, let ¢’ describe the positions, §' veloci-
ties, p; momenta and p; forces acting on particles. Here {i = 1,...,n} and an overdot
corresponds to the Newtonian time derivative. Then the Euler-Lagrange equation,
ie.,

dL(q'.q') = pidq' + pid’ (2.2)

formulates the dynamical equations for a system. This means that given a system with
known particle positions and velocities, once we perturb those values infinitesimally
we can get information about the momenta and forces acting on the particles via the
mapping {p; = %,pi = 3—5}. For such a case, we have the schematic description of
the system as

Mapping
p. = 9L 5. — 0L
pl - 6qt s pl ac-]l
Control variables Response variables

Rather than talking about dependent and independent variables, here we introduce
Kijowski’s language in terms of the “control” and “response” variables in which the
former refers to those that can be varied within the system and the latter are the ones
that result from such variations. The mapping between those two sets of variables
are obtained via the relevant partial derivatives of the generating function. Note that
in order to model the same dynamics one can pick another generating function in the
same symplectic space which satisfies

P = [spaceof controlvariables| X [spaceof responsevariables| (2.3)

Different choices of such a splitting depend on different “control modes” which corre-
spond to different generating functions.
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Now let us apply a Legendre transformation on dL by substituting
pidg' =d (piili) —gdp; (2.4)
in eq. (2.2). Then one can define another generating function, —H(qi,p,') by
H=pi -1, (2.5)
and
~dH (q',pi) = pidg' =i dp; (2.6)

formulates the same dynamics. In that case we have the following sketch

Mapping
) | N _0H
Pi= "4 4 = opi
Control variables Response variables

Note that both of the generating functions, Lagrangian L and Hamiltonian H, keep the
symplectic structure

w:=(dpindg') = dp; ndg' +dp; ndg (2.7)

invariant.

2.1.2 Boundary terms of the Hamiltonian in field theories

In field theory, the information about the dynamics of field, ¢, is contained in

0L (¢,0,¢) = (avpv) 8¢+ p"6(0y). (2.8)

Here the field ¢ plays the role of coordinates ¢’ in classical mechanics where p” are
the momenta canonically conjugate to it. The time derivative operator, overdot, is

11
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replaced by the partial derivatives with respect to the coordinates x” with {v =0, 1,2, 3}.
Then we have

Mapping
¢, Oy
_ oL _ 6L
0p' =5 P = 56,9
Control variables Response variables

For a Hamiltonian formulation we need some sort of “time” evolution. Therefore let us
apply a (3+ 1) splitting to eq. (2.8) and write

SL($,00¢,04¢) = (w6 +0a (p"59), (2.9)

with {A = 1,2,3}. The timelike coordinate is denoted by “0” and 7 := p°. Now we
integrate 6L over a 3-dimensional spacelike domain V and write

5fL:f(ir5¢+m5<}s)+f pLoo, (2.10)
% % ov

where the second term on the r.h.s. emerges from Stokes’ Theorem since dV is the
closed boundary of V and p* is the component of p orthogonal to it. Now apply a
Legendre transformation between 7 and ¢ by writing

715(}5 = (5(7T¢) - (}5571, (2.11)

so that one can define a new generating function

ﬂ{:vazfv(mb—L) (2.12)

that models the same field dynamics by

—5H = f (7e0¢ — o) + f pLog. (2.13)
\% 1%

In that case we have the following sketch,

12
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~
-
RN
-

\ oV Mapping N
- __6H 3 _ 6H
\Vi T= _%a ¢ = on \Vi
Control variables Response variables

only if no boundary terms remain after one applies the integration by parts. This
is obtained by hand when one chooses a Dirichlet type boundary condition, i.e.,
¢|av = constant. This is typical for field theories. Note that without such a choice
of boundary condition, the evolution of the system contained in ¢ is influenced by
external fields and the system cannot be determined by a Hamiltonian formulation.

In addition to applying a Legendre transformation on the volume integral, one can con-
sider a Legendre transformation on the boundary integral. For example, consider

prop=06(p'e)-pop* (2.14)

and substitute this into eq. (2.13). Then a new Hamiltonian is defined via

?[:}Hf o, (2.15)
oV

and a corresponding generating formula is

—6H = f (w69 — gor) - f PSp*t (2.16)
\% oV

which carries information about the same dynamics. However, now, the evolution
takes place in a different phase space. In order to have the same Hamiltonian for-
mulation, one has to make the boundary term in eq. (2.16) vanish, as we did in
eq. (2.13) for #. This requires imposing Neumann-like boundary conditions, i.e.,

pJ'|aV = constant.
Note that those boundary conditions are not unique. In a generic case, boundary con-

ditions can affect the field evolution. Most importantly, different boundary conditions
correspond to different “insulation” of the physical system.

13
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2.1.3 A canonical Hamiltonian formulation in GR: Kijowski’s
approach

In the Lagrangian formulation of GR, the gravitational field strength, g,,, and the
spacetime Ricci curvature, R, play the central role. The standard Lagrangian den-
sity is given by [40]

1
L=— R, 217
o Vel (217)

where g = detg,,. In order to construct an action principle, one can either follow
the Einstein-Hilbert formulation and consider the variation of L with respect to g,
or alternatively take variations of L with respect to both g,, and the connection FA#V
which are treated independently. The latter version is the metric affine formulation of
Palatini [41]. One can also pick a Lagrangian function in which the metric does not
appear explicitly and the variation is taken with respect to F‘W. In that case, g, is
treated as the momentum canonically conjugate to the connection. This is the purely
affine formalism of Kijowski [42].

The Hamiltonian formulation of GR follows from one of the variational principles
listed above. Among many Hamiltonian formulations of GR, the Arnowitt-Deser-
Misner (ADM) formalism [13] is one of the most widely used. The ADM Hamiltonian,
Hapu, follows from an appropriate Legendre transformation of the Einstein-Hilbert
Lagrangian density, (2.17).

In order to present Hupy, let us first assume (M,gw,) to be a globally hyperbolic
spacetime. Then one can pick a global time function, ¢, such that each ¢ = constant 3-
surface is a Cauchy surface. Then the manifold M can be foliated with these Cauchy
hypersurfaces, Z, such that the topology of M is Rx X. Let us denote u to be the
timelike unit vector field normal to X at each spacetime point with components

W = (l —N—A), (2.18)

where N is the lapse function and N4 is the shift vector with {A = 1,2,3}. Then one
decomposes the spacetime metric as the following

200 = —N? +hABNANB, 80A = Na, 8AB = has, (2.19)
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in which hyp is the 3-metric induced on Z. The corresponding extrinsic curvature of X
is given by

Kap = —h© ,hP yDcup (2.20)
and D, is the spacetime covariant derivative. Let us define an object by
P48 = (KB - k*4P), (2.21)

where h = det hep, K = KABhyp is the trace of the extrinsic curvature of . Here
hap plays the role of ¢ in classical mechanics (or ¢ in field theories) and P48 is the
geometrically defined canonical momentum conjugate to /4p.

The ADM Hamiltonian, #xpy, follows from applying a Legendre transformation to L
and integrating the result on X, i.e.,

Hypas = fz (PAB}}AB—L). (2.22)

Now consider splitting the terms that appear in the Lagrangian (2.17) into their (3+1)
components. By substituting those terms back into eq. (2.22), one may write Hapy
as a functional of the canonical momentum, lapse and shift by

1
Hypy = = 2(NH+NA HA), (2.23)

where H is the quadratic constraint and it is given by

H= %(PABPAB—%PZ—K\/Z), (2.24)

and H4 is the momentum constraint that is given as
HA = -2DpP4B. (2.25)

Here P? = hypPA8 and R is the Ricci scalar defined with respect to the induced 3-
metric. Note that no boundary integral appears in eq. (2.23). Also recall that in
egs. (2.13) and (2.16), which correspond to different Hamiltonians for the same field
theory, the boundary integrals were set to zero only by imposing Dirichlet and Neu-
mann type boundary conditions. For a general case in general relativity, the total
Hamiltonian of any canonical approach involves those boundary terms which do not

15
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necessarily vanish. In the ADM formalism, one sets the boundary terms to zero by
imposing an asymptotic flatness condition on the spacetime metric. Therefore, Hypy
cannot be considered as the Hamiltonian of a generic system in general relativity.

Note that the symplectic structure of ADM, wapys, in the space of initial data (PAB,hAB)
is, accordingly, given by only a volume integral

1
WADM = F (dPAB /\dhAB). (2.26)

In his canonical formalism [25], Kijowski considers the same Lagrangian density,
(2.17), defined for vacuum®. To construct an action principle, the total variation of
L is given as

1 1 1
L=¢ "Ry | = ——— Ig|G*'6 — gl g" SR, 2.27
0 (16 lglg ,uv) 1on gl gﬂv+16ﬂ' lglg v ( )

[6L]; [6L],

where G,y = Ry, — 38,»R is the Einstein tensor. Thus the entire information of the
Einstein-Lagrange equations, [6L]; = 0, should be given in [6L], =0 in order for 6L =0
to hold. From this point on, Kijowski [25] focuses on the [6L], term only and shows
that once [dL], is integrated over a finite 3-dimensional space, one obtains those
boundary terms that should appear in the Hamiltonian formulation of GR and which
are missing in the original ADM formalism.* This is achieved via writing [6L], as a
total divergence according to

1
[6L1> = 7 gl g""oR ,Wz—aﬂ(\/_gﬂvam ) (2.28)

with

1 . A A
At =T, — 6" I

W (2.29)

which is written purely in terms of the connection. In that case, A”W plays the role
of the “field” and the weighted inverse metric, i +/lglg"”, of spacetime acts as its
canonically conjugate momentum according to the analogy.

3However, inclusion of matter fields does not change any of the results that will be presented here.

4The fact that manifolds with boundary require a remedy was first realised by York [43]. Later Gibbons
and Hawking [44] added a boundary action to the Einstein-Hilbert action as a solution. This action
is now known as the Gibbons-Hawking-York action whose variation results in the same dynamics
as the one of the ADM formalism, once one fixes the metric on the spatial 3-slices.
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Now let us, once again, consider a (3 + 1) splitting of spacetime and integrate [6L]»
over the Cauchy surface X in adapted coordinates. Then

j; [6L]2_— f (Vislg"6A%,) f ViglgsAl . (2.30)

Here the overdot refers to the derivative with respect to the time function of the folia-
tion, S is the closed spacelike boundary of X and the index “1” refers to the spacelike
adapted coordinate x! which is constant on S. Once again, the second term on the
r.h.s. of eq. (2.30) follows from Stokes’ Theorem. The final form of eq. (2.30) is ob-
tained by Kijowski as the following,

1 1 o
L[dL]Z: o (hAgéPAB f(/léa/) = fyxy(sn (2.31)

where {x,y = 0,2,3}. In order to introduce the new terms that appear in eq. (2.31),
let us consider a 3-dimensional worldtube, B, which is spanned by S during its time
evolution.

To study the geometry of B, Grabowska and Kijowski introduce four unit vectors [35],
i) u is the timelike unit vector orthogonal to X,

ii) & is the timelike unit vector tangent to B,

iii) n is the spacelike unit vector tangent to X,

iv) A is the spacelike unit vector orthogonal to G.

The configuration of these vectors is sketched in Fig. 2.1 and it shows that the most
generic foliation is considered in [35]. In other words, in general, u# t and n # n. In
the last term of eq. (2.31), the metric induced on B is denoted by y,,. The associated
extrinsic curvature of the worldtube is then

Oxy = =¥y D:ftyy. (2.32)

The conjugate momentum of vy,,, analogous to the ADM canonical momentum, (2.21),
is defined via

1 = VY| (@yY -0Y), (2.33)

where y = det y,,; and ® = 0,,y" is the trace of the extrinsic curvature of B. In the sec-
ond term, on the r.h.s. of eq. (2.31), a represents the tilt angle between the worldtube
B and the Cauchy hypersurface %, i.e., @ = arcsinh(ti|n). The term A represents the

17
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Figure 2.1: Configuration of unit vectors defined with respect to the worldtube B and Cauchy
surface X. The spacelike 2-surface S is taken as either the boundary of B or the

boundary of . Here « is the tilt angle between B and X.

density of the induced metric, o, of the 2-surface S. Itis given by 1= /[det y;;| = Vo

with o~ = det o and {i, j = 2, 3}.

The Hamiltonian description is obtained once one performs a Legendre transforma-

tion to eq. (2.31) both on the 3-dimensional volume integral, i.e.,
(hapoPY = hA35PA3+5(hABPAB)—PAB(ShAB,
and on the 2-dimensional area integral, i.e.,
(A6@) = 16 + 6 (Adr) - Ao,

Then with a Hamiltonian function

1 - AB 1 .
,’7‘[[(:—— (hABP —L)+—f/la/,
S

(2.34)

(2.35)

(2.36)



2.1 Hamiltonian formulations and quasilocal energy definitions in the literature

one obtains the generating formula

1 . AB . 1 1
—5Hy = — (P Shag—h (5PAB) — f (15 51)—— f STIY). (2.37
k 167rf2 A8 —hap M A T (yy0T1?). (2.37)

Note that the generating formula of ADM corresponds to

1 AB .
6Hiom = (P 5hAB—hA36PAB) (2.38)
and this clearly shows that the symplectic structure (2.26) corresponding to the ADM
Hamiltonian has to be modified. In Kijowski’s approach the total symplectic structure

is given by

1

“K="Ten

(6hAB/\6PAB o f (SANSa). (2.39)

We observe that in addition to the volume integral which corresponds to wapys, there
exists a boundary integral indicating that the phase space should be enlarged.

Note that #k can be rewritten by using the ADM constraints as

1 A 1 ij 00
Hy = 8ﬂf(NH+NAH )+EI(H ¥ii = T1%y00) (2.40)
which becomes a pure boundary integral, once the quadratic and momentum con-

straints {H = 0, H4 = 0} are imposed, i.e.,

1 1
Hy = 16ﬂf(nfy —1%yg0)- (2.41)

Equation (2.41) can further be simplified and written as a functional of the extrinsic
variables of the spacelike 2-surface S, once the (2 + 1) decomposition of the worldtube
B is considered.

For this, let the time evolution vector of B be split into parts that are orthogonal and
tangentto S, i.e.,

el
a_)(‘o =—sU+s ap(f (242)
where s is the lapse function of B and s' is the shift vector, so that we have
Y00 = =5 + s's; (2.43)

analogously to the decomposition of ggp given in eq. (2.19). Likewise, IT¥ is decom-
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posed accordingly and the integrand of eq. (2.41) is found to be
Iy, — % ygo = (M oXio ) yi; - 2110, 5" + 52 11, (2.44)

Now let us denote IT7 := Iyo*io!/. Under the (2+ 1) splitting, the generating formula
(2.37) follows as

1 . AB . 1 : .
Hy = — ( 5hAB—hAB(SPAB)+—f(/16a/—a/5/l)

1 ) ..
- = S(7005H°°+2y0,~5nol+y,-j5H’j). (2.45)

Case 1

This is the point where Kijowski starts discussing about the relevant “control” and
“response” variables of the boundary Hamiltonian of general relativity. He applies
further Legendre transformations between v;; and H’I and writes another formula that
gives the dynamics of spacetime by

1 . AB : 1 [y _
—0HgT = — ( 6hAB—hA36PAB)+—f(/16a—a6/1)
1671' ¥ 87‘( S
1 00 0i ij
_ E S(’)/0051_[ +2’)/()l'5H —HJ_(S’)/l'j). (2_46)

This corresponds to a new boundary Hamiltonian which is written as

Hyy = —%T S(HOOVOO) —Eo, (2.47)
where Ej is a constant. Note that we are always allowed to add an arbitrary constant
to any generating function. This is because it is the generating formula, —6#Hx, but
not the generating function that models the dynamics of the system. Physically this
E(y can be understood as a “reference energy” that provides one with a “datum”. It
is only after we specify such a datum that the measured value of the energy of the

system makes physical sense.

The (2 + 1) splitting of the worldtube B, allows eq. (2.47) to be written in terms of the
objects that are related to the extrinsic geometry of the spacelike boundary S. Under
a certain type of control, which we will discuss in a few paragraphs, #x, takes its
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simplest form as

O it
- _ A . 2.48
= fg - (2.48)

Here k is the trace of the extrinsic curvature of S when embedded into X and [ is the
trace of the extrinsic curvature of S when embedded into B, which are respectively
given as

k = O'ijk,-j =gt [O'kiO'ljDk ﬁl] , (2.49)
I = oYjj=0" [O'kiO'ljDk ﬁl] , (2.50)
and the term kq is the extrinsic curvature scalar of a hypothetical S embedded into a
spacelike hypersurface T of Minkowski. Then it is easy to observe that Hx, becomes

zero for Minkowski space.® This makes sense since in a spacetime with no matter
and curvature one would expect to measure zero quasilocal energy.

The simplification of 1 in (2.47) can be made by means of the geometric identities

sIT® = —A(k cosha +Isinha), (2.51)
17- .
——[/l—ai(/ls’)] _ _A(ksinha +Icosha),
S
%, +pP, = -10a.

which follow from the definition and the 2 + 1 decomposition of the canonical momen-
tum IT*¥ defined on B. This clearly shows that by controlling I1%, TI°. and y;; = o7j; as
is done in eq. (2.46), one actually controls the values of the tilt angle, «, the lapse, s,
and shift vector components, s'. Then by choosing

oo = —Ako,
n” = o
1= (,/|detyl~,-|)':o.

and making use of the equation set (2.51), the equation (2.47) simplifies into eq. (2.48)
on account of s* = (kz—lz)/k(%. Note that in this approach, ko emerges due to the
controls Kijowski imposes on the system to exclude the effects of boosts, rotations
and translations in % which is achieved by assigning flat values to I1° and 11,

5Note that for Minkowski, / = 0 automatically.
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Case 2

Alternatively, Kijowski applies another Legendre transformation between the terms
{s2,11} and {s',T1°} in the boundary integral of eq. (2.46). Then one has a new
generating formula

1 . AB . 1 . )
—6Hyr = o (P 6hAB—hA36PAB)+8—ﬂf(/16a—a5/l)
> S

+ o [[(0(r) 2 o5 ety 252

with the corresponding Hamiltonian
1 .
Hyr = ~%n f(HOO Y00 + 117 )/o,') - Ey. (2.53)
T Js
From eq. (2.52) we observe that the control variables are now {s, s",yij} which include
the entire information encoded in the worldtube metric y,,. Therefore, by imposing

certain values on the new control variables, one fixes the metric on B.

After substituting the following choice of control variables

2 =1, (2.54)
s =0, (2.55)
1=0, (2.56)

into the equation set (2.51), then solving for 1%« and T1%, one can write the Hamil-
tonian (2.53) in terms of the extrinsic curvature scalars of S by

}[KZ:—SiﬂfSA(W—kO). (2.57)

From now on we will denote Hy and Hx» as Ex; and Ex» respectively, to indicate that
they do refer to energy rather than any other quantity. We will discuss their physical
interpretations together with other quasilocal energy definitions in the literature in the
next few subsections. Note that we do not follow a chronological order in terms of the
introduction of those definitions to the literature.
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2.1.4 Brown-York (BY) Energy

Brown and York [24] also followed a Hamilton-Jacobi approach to define a quasilocal
energy on a 2-dimensional spacelike boundary, S, of the worldtube B.

Hamiltonian formulation of BY is fundamentally different than the ones of ADM or
Kijowski in the sense that the starting point of the action principle is not the Einstein-
Hilbert Lagrangian, (2.17). Rather, they consider an action, I, by adding extra bound-
ary terms to the standard Einstein-Hilbert action by

1 1 1
1= — R+ — hK — — 0, 2.58
= M«/Igl +8ﬂfz‘/_ 8ﬂf3«/|7| (2.58)

and write its variation as
51:Lf ViglG (5g’”+if2[ \/ﬁPABahAB—if VI 6y (2.59)
167 Ju w 81 Js,, 87 Jp m '

Then, when the Einstein field equations are satisfied, one has to fix h4p on X;, and
%, and also fix yy, on B in order to have 6/ = 0. These give the boundary condi-
tions/“controls” of the BY formalism.

According to this approach, the so-called gravitational stress-energy tensor, TI‘;V, de-
fined on B captures the coupled effects of matter and gravitation®. It is defined via the
canonical momentum of y,, by

2 51
T = 2 o (2.60)

= = .
N 7] NEZERZ

When one projects this stress-energy tensor tangentially and normally to the spacelike

2-boundary of B, one obtains the quasilocal energy, momentum and spatial stress
densities. The Brown-York quasilocal energy density (energy per 2-surface area) is
then written as

£= uxuyT;y. (2.61)

After one splits Tgy into its (2 + 1) components, the quasilocal energy corresponding

8In order for Tgv to include the effect of matter fields, one simply adds the matter action to 7. This
does not change any of the results.
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to € reads as [24],

1
Epy = —o- fS Vo (k= ko) (2.62)

where k is again the extrinsic curvature scalar of S when it is embedded in £ and ko
is the corresponding extrinsic curvature evaluated for a suitable reference spacetime.
Brown and York also emphasise the fact that for a positive curvature embedding of
S into flat spaces of the chosen reference spacetime, one is guaranteed a unique
embedding 7.

Note that Kijowski’s quasilocal energy Ex», given in eq. (2.57), becomes equal to Epy
in a specific gauge, i.e., [ = 0. This is mainly because in both of the definitions, one
chooses the same boundary condition by imposing a fixed metric on B. However, Ex,
has an extra gauge freedom, due to the metric on X not being fixed.

2.1.5 Epp’s (E) Energy

Epp follows the BY formalism and considers a modification of Egy by forming an anal-

ogy between the special relativistic (SR) proper mass of a particle and the “invariant
mass-energy of a system [26]. According to his analogy

E? - p? SR) —— Vk2-12 (GR), (2.63)

where E and p are the relativistic energy and momentum of the particle respectively.
According to Epp, it is the mean extrinsic curvature of S, i.e. Vk%—I2, rather then
k that reflects the total mass-energy content within a bounded region. Therefore, in

"Whether there exists an embedding of a generic 2-dimensional surface with a positive definite metric,
into the 3-dimensional Euclidean space is known as the “Weyl problem” [45]. In the early 1950s,
Pogorelov [46] and Nirenberg [47] independently showed that there exists an isometric embedding
of a 2-surface into the Euclidean 3-space only if it possesses a Riemannian metric and has pos-
itive Gaussian curvature. The isometric embedding in question was claimed to be unique up to
Euclidean rigid motions. This theorem was used many times in quasilocal energy definitions that
involve the ko term [24, 25, 27]. However, later, it was seen that a full description of the existence
and uniqueness of such isometric embeddings requires additional conditions. In 2008, Wang and
Yau came up with a new existence and uniqueness theorem [48] and stated that those additional
conditions are: i) The mean curvature vector, corresponding to the embedding of a closed 2-surface
into Minkowski space, has to be spacelike. ii) The spacetime, that includes the 2-surface, has to
satisfy the dominant energy condition.
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order to define the invariant quasilocal mass energy he considers [26],

g 1
E}l;hyslcal _ __f \/E‘/kz — P, (2.64)
8 S
[ Reference _ _if Vo k2 -2 (2.65)
E {7 S ref ref’ )
so that

Eg = EEhYSical _ Egeference' (2.66)

Note that for the case of the reference spacetime being Minkowski, Er does not ex-
actly reduce to Ex»> due the definition of mean extrinsic curvature having an extra
factor of 1/2 in Epp’s approach [26].

2.1.6 Liu-Yau (LY) Energy

In Liu and Yau’s work [27] there is no reference to a timelike 3-dimensional boundary.
Liu and Yau considered the embedding of S directly into a spacetime domain D by
taking its two normal null vectors and the corresponding mean extrinsic curvature.
That provides a well-defined quasilocal energy under the direct embedding of a 2-
dimensional spacelike surface into a 4-dimensional spacetime. In fact, this idea is
closest to the heart of the method we use in this thesis. When Liu and Yau’s work is
converted from their original notation into the one used here, their energy expression

becomes [37]
1
Eiy= _8_7rfg \/0’[ \ (K2 —12)—k0]. (2.67)

The reference energy is obtained by embedding S into the 3-dimensional Euclidean
space, R3, and calculating its mean extrinsic curvature, ky. This isometric embedding
is unique up to the isometries of R3. Note that their quasilocal energy expression is
exactly equal to Kijowski’s energy given by (2.57). The positivity of the Kijowski-Liu-
Yau energy, denoted Exry from now on, has been proven by Liu and Yau [27, 49]. It
is a widely accepted quasilocal energy definition [50, 37].
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Important Remark:

The literature is divided into two camps in terms of the definition of the extrinsic scalars
k and [. For example, according to the definition given in eq. (2.49), ko = +% for a round
2-sphere. This notation was used in Epp’s [26], Liu and Yau’s [27] and in Szabados’s
review article [37]. On the other hand, Brown and York [24] and Kijowski [25] follow
the formal notation for the extrinsic curvature, so that egs. (2.49) and (2.50) have an
extra negative sign. Accordingly ko = —% for a round 2-sphere in their notation. In
this thesis, we follow the notation used by the first camp since the “positivity” theorem
was first presented in this notation [27]. Moreover, we suspect most researchers
refer to Szabados’ review article to compare and contrast various quasilocal energy
definitions. Therefore, in Kijowski’s and Brown and York’s original papers, Exi, Ex2
and Egy are given in a different form than the one in eqgs. (2.48), (2.57) and (2.62)
respectively.

2.1.7 Misner-Sharp-Hernandez (MSH) Energy

In Chapter 3 we will focus on systems that are in thermodynamic equilibrium with
their surroundings and in horizon thermodynamics there is a broad consensus [18,
51, 52, 53, 54] on the choice of the internal energy of a generic spherically symmetric
spacetime. It is usually taken as the Misner-Sharp-Hernandez energy [55, 56] which
does not follow from a Hamiltonian approach.

Let us consider a spherically symmetric spacetime metric with coordinates {y“,6, ¢}
where {y*} = {z,r},

ds® = Topdy”dy’ + RX(y) (d6” +sin” 0dg”). (2.68)

R being the areal radius. In order to study time evolution, one can pick a preferred
timelike vector, called the Kodama vector [57], which can be used to define surface
gravity for dynamic spherically symmetric spacetimes [18]. The surface gravity, up to a
constant, is in general related to the temperature defined on the horizon. The Kodama
vector is unique and it is parallel to the timelike Killing vector in static spacetimes. Its
components are given by,

K*(y)=€"P3sRr, K’=0, K’=0, (2.69)
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where €,3 is the Levi-Civita tensor in 2-dimensions. Now consider a 3-dimensional
spacelike hypersurface, X, with induced metric, h4p, and unit normal, n”, aligned with
the Kodama vector. The Kodama vector is associated with conserved charges includ-
ing an energy

EmsH = f VRT, K n, (2.70)
z

where T, is the stress-energy tensor of matter in the 4-dimensional spacetime. This
defines the Misner-Sharp-Hernandez energy which can also be written®

R
Enisi =7 (1-1"0,RAR). (2.71)

2.1.8 On radial boost invariance

The quasilocal energies Ex, Eg and Expy of a system are obtained via the mean ex-
trinsic curvature of a 2-dimensional spacelike boundary, which we will call the screen.
For a spherically symmetric spacetime, for example, the generator of the quasilocal
energy is not just a single timelike vector. Rather, one needs to consider both the fu-
ture pointing timelike normal and the outward pointing radial spacelike normal in order
to calculate the mean extrinsic curvature of the screen.

Recall that following the ideas of Epp [26] Exry can be interpreted as a proper mass-
energy of the system. It is known that both Ex;y and Ex; are invariant under radial
boosts of the quasilocal observers who define the 2-surface [25, 37, 26, 27]. Such a
property is necessary to define a system consistently since one needs the ability to
keep constant the degrees of freedom that define the screen enclosing the system. In
the case of spherical symmetry, {6, ¢} are the coordinates on the screen that are kept
constant. Then the evolution of the system is investigated by perturbing the screen
along the remaining degrees of freedom, parametrized by the {z,r} coordinates. Thus
the screen observers agree on the quasilocal energy content of the same system
irrespective of them being boosted or having instantaneous radial accelerations with
respect to any other screen.

We note that in this picture, the Kodama vector is an object that resides on the

8This is the original definition of Eysy which does not follow from a conserved charge formulation.
The MSH energy is also commonly used for vacuum spacetimes, on account of its geometric form
presented by Misner and Sharp even though their initial investigation, [55], was on spherically
symmetric spacetimes that involve a matter stress—energy tensor.
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temporal-radial plane. The fact that the Kodama vector is associated with a con-
served Misner-Sharp-Hernandez energy has previously been described as a miracle
[58]. Here we emphasize that since Ex; matches Ensg under spherical symmetry,
this “miracle” is a natural consequence of any consistent quasilocal Hamiltonian for-
malism of general relativity. Thus one does not need to define a single preferred
observer in the energy calculations.

The distinction of the degrees of freedom that are used to define the system and the
ones used in the investigation of its evolution is crucial for the interpretation of the
formalism introduced in the next section.

2.2 Raychaudhuri equation and the geometry of a
timelike worldsheet

In [32], Capovilla and Guven construct a formalism to investigate the extrinsic geom-
etry of an arbitrary dimensional timelike worldsheet embedded in an arbitrary dimen-
sional spacetime. In Chapter 3 and Chapter 4 we will use their formalism to investigate
the properties of a 2-dimensional worldsheet embedded in a 4-dimensional space-
time. In this section, we will present the full details of their geometric construction as
applied to the specific case of a (2+2) geometry.

2.2.1 Geometry of the worldsheet

Let us consider an embedding of an oriented worldsheet with an induced metric, 7,

written in terms of orthonormal basis tangent vectors, {E,},

where g, is the 4-dimensional spacetime metric. Now consider the two unit normal
vectors, {N'}, of the worldsheet which are defined up to a local rotation by,

gN,.N) =6, (2.73)
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g(N',E,) =0, (2.74)

where {a,b} = {0,1} and {i, j} = {2,3} are the dyad indices and the Greek indices refer
to 4-dimensional spacetime coordinates. Also note that to raise (or lower) the indices
of tangential and normal dyad indices one should use 7% (or n,,) and 8 (or 6ij)
respectively. We choose n , = diag(-1,1) and 5l.j =diag(1,1) throughout this thesis.

Capovilla and Guven define three types of covariant derivatives whose distinction we
will now introduce. Let the torsionless covariant derivative defined by the spacetime
coordinate metric be D, and its projection onto the worldsheet be denoted by D, =
E“aDﬂ. On the worldsheet T, V, is defined with respect to the intrinsic metric and V,,
is defined on tensors under rotations of the normal frame which we call S. Likewise
the projection of the spacetime covariant derivative on the instantaneous spacelike
2-surface Sis D, = N“l.Dﬂ. On S, V., is defined with respect to the intrinsic metric and
V, is defined on tensors under rotations of the tangent frame, T.

To study the deformations of T and S, the following extrinsic variables are introduced
[32]. The extrinsic curvature, Ricci rotation coefficients and extrinsic twist of T are
respectively defined by,

Kabi = 8wy (DaE'ub)NVi = Kbai, (2.75)
Yabe = 8uv (DaE'ub)EVc = Yach> (2.76)
Waij = guv (DaNﬂi)NVj = _Waji (277)

while the extrinsic curvature, Ricci rotation coefficients and extrinsic twist of S are
respectively defined by,

1" = g, (D'E*, )N, (2.78)
Vi = 8uv (D,.N“j)NVk = Vi (2.79)
S = 8u(D'E"S)EY, = =S . (2.80)

By using those extrinsic variables one can investigate how the orthonormal basis
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{E,,N'} varies when perturbed on T according to,

D.,E,=v,°E.—-K,'N,, (2.81)

D,N'=K,'E"+w,'N,, (2.82)

or perturbed on S according to,

DiE, =S ,,,E’+17 N/, (2.83)

k

For an arbitrary tensor ®1-» the worldsheet covariant derivative, V, is then written
as

ﬁaq)il...in — Vaq)il...in _ Waiqu)jiz...i,l — = Wainjq)il"'i"_l . (285)

J,
in which waij transforms as a connection with respect to a normal frame rotation and
Vaq)b = Daq)b — ’)/abcq)c (286)

is the covariant derivative defined via the induced metric on T. Likewise, the normal
frame covariant derivative, V., , is defined via

V.o =V.O

iraj..an irap.a,

S b (2.87)

apbi ~ay...an-1 °

@b

aybi

S

ap..a,

where § abi transforms as a connection under the tangent frame rotation and
Vl'(Dj = Dl'(Dj _yijkq)k (288)
is the covariant derivative defined via the induced metric on S.

Later in this section we will see that the generalised Raychaudhuri equation can be
written in terms of these extrinsic variables and their relevant covariant derivatives.
Therefore, at this point, we will give a break from the CG formalism and remind the
reader of more familiar form of the Raychaudhuri equation in the (3+1) formalism.
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2.2.2 Raychaudhuri equation of a worldline

For a timelike flow, the gradient of the velocity field can be split into three parts: shear,
vorticity and expansion as the following

1
Dyuy = oy + wyy + gh,w@ — aylty. (2.89)
Here u* is the 4-velocity of observers, a* = u”D,u* is the 4-acceleration and
W, =g", +utu, (2.90)

is the operator that projects tensors onto the 3-dimensional surfaces locally orthog-
onal to the flow®. The expansion is the pure trace part of the divergence and given
by

O =D, u". (2.91)
The symmetric, traceless part is the shear and it is defined as'®
1 1
T = 5 (Dytty + Dy, ) - 2 w®. (2.92)
The vorticity is the antisymmetric traceless part, i.e.,

1
Wy =5 (Dyy = D). (2.93)

The derivation of the Raychaudhuri equation in a standard way in the (3 + 1) formalism,
can be obtained by first defining a second rank tensor by B,,, = D,u, and evaluating
the quantity u*D, By, [12]. Then once one splits this identity into pure trace, trace-
less symmetric and traceless antisymmetric parts one obtains the following equations

9By the Frobenius Theorem, these spaces form hypersurfaces if only if the vorticity vanishes, wyy =0.
We consider the general case with nonvanishing vorticity.
10}t is unfortunate that oy is used to denote both the shear tensor and the induced 2-metric of a closed
spacelike boundary in the literature. We hope it is clear to the reader which one we are actually
referring to depending on the context.
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respectively,

do 1 v
_d)( = —§®2 —o?+w? - R, u'u”, (2.94)
doy,y 2 1 1~
- —§®‘Tua‘fav W™, + ghuv ((rz _ wz) + Cwﬁu"uﬁ + 5RW, (2.95)
dw 2
my o
i —§®wﬂv—2oﬂ[vw}l]a. (2.96)

where y is an affine parameter on integral curves of «* which can be chosen as the

roper time for timelike curves, 0% = o, 0", W?* = w, W, C
(ny

wy is the Weyl tensor

avup
and

3 1
R, =hh R“ﬁ—gh h_.R% (2.97)

pa'lyg uv'lap

with R, being the Ricci tensor. Note that the identities (2.94)-(2.96) are purely ge-
ometric relations. The Einstein field equations are not imposed on them. Also, it is
usually the trace part, eq. (2.94), that is referred to as the “Raychaudhuri equation” by
many researchers even though the traceless identities, (2.95) and (2.96), also carry
information about the dynamics of the timelike congruences. For other delicate issues
and a recent review of the Raychaudhuri equation one can see, for example, [59].

2.2.3 Raychaudhuri equation of a worldsheet

Now we will present a derivation of the generalized Raychaudhuri equation of
Capovilla and Guven. In the case of the (3+1) formalism, the timelike vector field
E", that lives on T can directly be set to u*. In that case the Raychaudhuri equation
of CG would contain the same information as equations (2.94)-(2.96), providing us
with the knowledge of the dynamics of how much a congruence of timelike worldlines
expands, shears or rotates. However, in section (2.1) we observed that the extrinsic
curvature of a closed spacelike 2-surface —when it is perturbed both in a timelike and
in a spacelike direction — gives information about the quasilocal matter plus gravita-
tional energy of a system that it encloses. Therefore, we will apply the CG formalism
to a 2-dimensional worldsheet embedded in 4-dimensional spacetime. Then E*,, with
{a,b} = {0, 1}, will represent the Lorentzian signature dyad orthogonal to the spacelike
2-surface S. The Raychaudhuri equation constructed from this dyad carries informa-
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tion about how much the congruence of timelike worldsheets — rather than worldlines
— expands, shears or rotates.

Now analogously to defining the tensor B,, = D,u,, one can define I =
v (DiE“a)NVf which actually corresponds to the extrinsic curvature of S given in
eq. (2.78). Then the derivation of the generalized Raychaudhuri equation can be
obtained via ?bjaij in analogy to the object u“D,, B, in the standard approach. Note
that here one needs to use the worldsheet covariant derivative ?b in order to find the
‘divergence’ of Jaij, as it is the operator which successfully transforms the tensors on
the worldsheet. Then by using egs. (2.85) and (2.86) we write

& _ k k
Vidaij = Dol aii =Yoo Jeij = Wi Jaj = Woj Jaik- (2.98)
——
@

Let us start with considering the object DbJal.].. By using the definition (2.78) and the
metric compatibility condition we get

D= DyJ; = D|guN" ,DiE",| = g1 (DoN") (D", ) + 8, N", Dy Dy (E,). (2.99)
@ ®

In order to simplify (2) we use egs. (2.82) and (2.83) and write

@ = g Ky B +wy y N) (S yi B + Ty N (2.100)
— d k arvi
- g/JVEIJCEV Kbchadi +guVNu N” ijk‘]ail
+ BN Ky N + 8, BN oS (2.101)

Since g(E“,Ed) =5, g(Nk,Nl) =" and g(EC,Nk) =0 we end up with
@ =K, S yei + Wy i (2.102)
In order to simplify (3) we will use the Ricci identity'" for E*, i.e.,

DpD;E”, — DiDyE”, — D(p,N.-D;E, E”y = R"ubiE”a, (2.103)

"For an arbitrary vector, A, the Ricci identity is given as Do DpA¥ — DgDoA¥ — Die, e A = R, ,A”,
where Rumﬁ is the Riemann tensor of the spacetime and the last term on the l.h.s. vanishes only
for coordinate basis vectors, e,.
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and hence
v v 0 v o v v
DyDE’, = DiDyE”, +(Dle.) D,E’, —(DiEb) DyE",+R’ .. (2.104)

Then using eq. (2.104) we find,

@ = g(Nj.DyDiEy) (2.105)
= g(Nj.DiDyEq)+g(Nj.(DoN,) DoE, - (DiE, ) DpE,)+8(Nj.R(Ep. N Ey).
@ ® ®

where R(E,,N;))E, = RVabi. By using eq. (2.81) we can write
@ = g(Nj,DiDyE4) = g(Nj Di|y,,, Ec|) - g (N, Di| K, ' Ni ), (2.108)
and by further considering egs. (2.83) and (2.84) we get

@ = g(NuyC[S B+ I yN'|) + 8 (Nj EcDivyf)
- 8(Nj’ Kbak [_JdikEd + ViklNz]) - g(Nj’NkDiKbak)’
= Ypa Jeij _Kbak%'kj —Dik,

C

(2.107)

aj’

in which the final equality comes from the fact that g(Nk,Nl) =6 and g(EC,Nk) = 0.
Simplification of (5) is obtained once egs. (2.82) and (2.83) are considered, i.e.,

®

g(Nj.(DoN,) DE, —(DiE,) D,E,)
8(Njs| Ky B+ wy, N, | DoE,) =8 (N [ 5 Y + 0, NP, | Do E, 2.108)

Substitution of egs. (2.81) and (2.83) into eq. (2.108) gives

@ = g(Nj’ [Kbci - Sbci] [ycadEd - Kcaka]) +g(Nj’ [Wbik - ‘]bik] [SadkEd + JaklNl]) ’

k k
= KK+ K i Sy i+ T Wi = ok lpi - (2.109)

Now recall that what we ultimately want to derive is ?bjm.j, i.e., rewriting eq. (2.98)
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<t

- _ c _ k _ k
paij = DyJ Yoa Jeij ~ Wi Jakj Wpi ik

@+®
!
@++®

Substituting egs. (2.102), (2.107), (2.109) and (6) = g(Nj,R(Eb,Ni)Ea) into above
equation we get

Vb‘lai j

X .
- [DiKbaj + Kba yikj - KijSaci - KcaijLi]
- J

aijbik — KoKy +g(Nj’R(Eb’Ni)Ea)

caj
c k
+ Vg Jeij T Wi i+

k
akj —Wyi Y,

k k
Wpi _7bac‘]cij_wbi J i Yaik (2.110)

akj

Now due to relations (2.87) and (2.88) we have

———
k
DiK i =i Kap

i aciKij - SbciKacj' (2.111)

Moreover Kbaj is symmetric with respect to the first two indices and Vit is antisymmet-
ric with respect to the last two indices. Therefore the first line of eq. (2.110) can simply
be written as —?I.Kabj. Also the terms that appear on the last line of eq. (2.110) cancel
each other. Then finally we obtain the Raychaudhuri equation of the worldsheet as

S S k
with g(R(Eb,Nl.)Ea,Nj) = RaﬁwE"bNVl.EﬂaN“j. After. .we contract the Raychaudhuri
equation with the orthogonal basis metrics 7* and '/ we get

V b sii v b cij k abcii b i
(Vb]aij)na M= - (ViKabj)na oY - ‘]bik‘]a jna o' — KbciKacjna oY
o BRELNEN s, 2113

This is the central equation which we will refer to many times throughout the thesis.

We finalize the Preliminaries chapter here. Mathematical constructions and concepts
that are introduced in this chapter will be used to investigate quasilocal systems that
are in thermodynamic equilibrium and in nonequilibrium in the following two chap-
ters.
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3 Quasilocal equilibrium
thermodynamics

A thermodynamic description of general relativity has been a long-sought goal [60, 61]
which intensified with the advent of black hole mechanics [62, 63, 64]. Most studies
in the literature focus on equilibrium thermodynamics' of horizons, without stating
the conditions that bring them into equilibrium. In fact, in gravitational physics there
are no well-defined conditions for defining equilibrium in terms of the behaviour of a
system itself. In this chapter we will take steps to remedy this by defining a quasilocal
thermodynamic equilibrium condition using a purely geometric approach. We will
focus on the extrinsic geometry of the closed spacelike 2—surface that appears both
in various quasilocal energy definitions [25, 26, 27] and the generalized Raychaudhuri
equation of Capovilla and Guven [32] that we have reviewed in Section 2.1 and in
Section 2.2 respectively.

In general, if one wants to investigate the energy exchange mechanisms of a grav-
itational system from the thermodynamic viewpoint, the system should have a finite
spatial size. Energy definitions which refer to the spatial asymptotic behaviour are
not good candidates for general thermodynamic equations. Thus quasilocal energy
definitions, which refer to a Hamiltonian on the 2-dimensional spacelike boundary
[24, 25], are very important for general relativistic thermodynamics. Here we will link
such definitions to a generalized notion of the work done in the deviation of world-
sheet congruences, to define quasilocal thermodynamic potentials in a natural way.
This will help us to define the quasilocal thermodynamic equilibrium. We also provide
a quasilocal first law by considering a worldsheet total variation, in which a quasilocal
temperature can be understood as a worldsheet—constant.

Although early investigations dealt with equilibrium thermodynamics of black hole

'See [65, 66, 67, 68] for some exceptions.

37



3 Quasilocal equilibrium thermodynamics

38

event horizons, in the last few decades more general trapping, apparent and dy-
namical horizons of generic spacetimes have been introduced [16, 19, 22, 69, 54].
Hayward’s construction of equilibrium thermodynamics on trapping horizons [16] high-
lights the significance of generalized apparent horizons. While the original definition of
apparent horizons applies to black holes which require asymptotically flat spatial hy-
persurfaces [15], Hayward’s generalized apparent horizon which was first constructed
for black holes, has also been applied in more general cases [70, 54, 71]. These in-
clude cosmological applications, where the generalized apparent horizon is not nec-
essarily spacelike but can be timelike or null depending on the equation of state of the
cosmic fluid [54].

In this chapter we will consider a spherically symmetric gravitational system of arbi-
trary size which is not in equilibrium with its surroundings. As one of our results we will
show that when a particular equilibrium condition is applied to such a system then the
2—surface enclosing the system is located at the generalized apparent horizon of [16].
This result makes no direct reference to the surface gravity, which is conventionally
used to define the temperature of the horizon.

This chapter is constructed as follows. In Section 3.1 we remind the reader about
the generalized Raychaudhuri equation of Capovilla and Guven [32] and our moti-
vation to use it as a quasilocal thermodynamic relation. Following this, a quasilocal
thermodynamic equilibrium condition and the corresponding thermodynamic poten-
tials are introduced. In Section 3.2 these results are applied to the Schwarzschild,
Friedmann-Lemaitre-Robertson-Walker and Lemaitre-Tolman spacetimes. In Sec-
tion 3.3 we highlight the difference between local thermodynamics of matter fields
on curved background and quasilocal gravitational thermodynamics, as a precursor
to suggesting a potential application of our approach to a quasilocal virial relation in
Section 3.4.

3.1 Raychaudhuri equation and gravitational
thermodynamics

Recall that in Section 2.2 we introduced the geometric construction developed by
Capovilla and Guven [32] in order to generalize the Raychaudhuri equation. This
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equation, (2.113), gives the focusing of an arbitrary dimensional timelike worldsheet
that is embedded in an arbitrary dimensional spacetime. Also in Section 2.1 we ob-
served that the extrinsic curvature of a closed spacelike 2-surface when it is perturbed
along both a timelike and a spacelike direction gives information about the quasilocal
matter plus gravitational energy of the system that it encloses.

When we apply the CG formalism to a 2-dimensional timelike worldsheet, T, em-
bedded in a 4-dimensional spacetime we observe that the Raychaudhuri equation
of Capovilla and Guven includes those terms related to the extrinsic curvature of a
closed spacelike 2-surface. This surface, S, is in fact the normal frame of the world-
sheet T and its extrinsic geometry is closely related to how much the worldsheet
focuses. This gives us enough motivation to start investigating the Raychaudhuri
equation in the 2 +2 formalism on the basis of quasilocal matter plus gravitational
energy.

We presented a derivation of the generalized Raychaudhuri equation of Capovilla and
Guven, (2.113), in Section 2.2 and ended up with the following contracted Raychaud-
huri equation of [32], which for convenience we rewrite as

~V1J = Vs K+ 9%+ K% - Ry, (3.1)

where we denote V17 := n?6"V,J .., VsX := n“bdij?il(abj, 9% = JbikJaljn“béijdlk,

aij’

K2 :=K, K, djnabncdaif, Ry = g(R(Eb,Ni)Ea,Nj)nabéij. This form, eq. (3.1), will be

the central equation of our investigation.

Now let us consider a general spherically symmetric spacetime. For radially moving
observers, the extrinsic curvature and the extrinsic twist of T both vanish as well as
the extrinsic twist of S. Then the first and the third terms on the r.h.s of eq. (3.1) vanish
and the equation reduces to

~Vrg =97 = Ry, (3.2)

We will now interpret eq. (3.2) as a thermodynamic relation for a quasilocally defined
spherically symmetric system while presenting our motivation for doing so.
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3.1.1 Quasilocal thermodynamic equilibrium conditions

At this point one needs to take care with the definitions of the thermodynamic vari-
ables under equilibrium and nonequilibrium conditions. In general, equilibrium can
be seen as a specific state of a system that is ordinarily in nonequilibrium with its
surroundings. Given specific equilibrium conditions, the equilibrium state acts as an
attractor to bring the system into a preferably stable state [72]. Moreover, in classi-
cal thermodynamics, only in the equilibrium case are the existence of thermodynamic
potentials guaranteed [73]. For such equilibrium states the thermodynamic potentials
are Lyapunov functions?, and they can be written as linear combinations of each other
[75].

Let us recall the definitions of thermodynamic potentials in classical thermodynamics
at the equilibrium state [76],

Helmholtz Free Energy: F = U-T S, (3.3)
Gibbs Free Energy: G = F + W, (3.4)
Enthalpy: H=G+TS=U+W, (3.5)

where U is the internal energy, and W represents the work terms which may include
PV type and other types of work in general. The ‘=" sign will be used for equations
that hold only at quasilocal thermodynamic equilibrium from now on.

Note that Helmholtz free energy is the amount of reversible work done on a system
in an isothermal process [77]. It is one of the thermodynamic variables that can be
defined both in equilibrium and in nonequilibrium states [78]. Moreover, one way
of defining the thermodynamic equilibrium is to set the Helmholtz free energy to its
minimum value [75]. For this reason the Helmholtz free energy provides a physically
natural means to interpret eq. (3.2) thermodynamically.

2 Lyapunov functions are nonnegative functions that have at least one local maximum or minimum at
a point of interest. They are continuous functions with continuous first order derivatives and they
vary monotonically with the evolution parameter [74].
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3.1.1.1 Helmholiz free energy density

We will take the extrinsic curvature scalar of S as a measure of the matter plus gravi-
tational Helmholtz free energy density and define®

Fofy=27% (3.6)

since
fi=fha= ViE-E. (3.7)

is the object that appears in the quasilocal energy definitions of Section 2.1 #. Note
that one can relate JbikJaljn“bé"ch”‘ := 9% and k* — I through 297 = k> — > on account
of specific choices of double dyad vectors {E“a,N“I.} that exist naturally in spherically
symmetric systems for radially moving observers. We will discuss more about this in
Chapter 4 and provide a generic relation between 72 and k% — [? for arbitrary space-
times. Then the Helmholtz free energy of the system is obtained once £ is integrated

ons,i.e., .

Since the equilibrium condition is defined in this case by the minimum of the Helmholtz
free energy, other thermodynamic potentials should be written as linear combinations
of each other once one sets F = F,,i,. Thus at equilibrium, the Gibbs free energy and
the internal energy should read

U= Foin + T S. (3.10)

where W, 7 and S are to be defined. The Helmholtz free energy density defined by
eg. (3.6) and eq. (3.7) is required to be a nonnegative real scalar, and the minimum
value it can take is zero. This brings us to write the equations above with %,,;, =0 as

G=wW, (3.11)

3The 9%/4 term appears in the definition of the Hawking [79] and Liu-Yau [27] mass-energies, as the
term up in the notation of these authors.

4Throughout this thesis, we will assume that k> > I>. This requires the mean curvature vector of S to
be spacelike. One also needs to impose the dominant energy condition in order for the sign of the
mean curvature vector not to flip. These conditions are crucial for the proof of the positivity of mass
theorem [27] and the unique isometric embedding of S into Minkowski space [48].
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U=TS. (3.12)
Then when f = /f%f, = Vk* - > =0, eq. (3.2) becomes

—V1J = =Ry, (3.13)

Recalling the fact that thermodynamic potentials are nonnegative real functions at
equilibrium, we will force the terms in eq. (3.13) to take nonnegative values by taking
the absolute value of each side before we start making further quasilocal thermody-
namic interpretations. Thus,

|-V79| = [-Rgp|. (3.14)

3.1.1.2 Work density

We will now give a thermodynamic interpretation to the quantity on the r.h.s. of
eq. (3.14). In the 3+1 formalism, when one considers two observers on neighbour-
ing timelike geodesics the deviation of the geodesics determines the relative accel-
erations of the observers. |f we consider the spacelike separation 4-vector, .g? that
connects the neighbouring geodesics, then the components of the relative tidal accel-
eration are given by the geodesic deviation equation [12]
dZé:,U MU V. P 0
F =R voolb U «f , (315)
where 7 is the proper time. Thus for a spherically symmetric spacetime we define a
relative work density term that mimics W = F-x by
d2§:ll Y V. P E0
F fﬂ =R Vpgu u f fy. (316)
This relative work density term can be interpreted as a measure of energy expended

within the surface of a body to stretch or contract it under the influence of tidal forces,
if we assume 5 lives on the screen, S.

Our interpretation is similar to that of Schutz [80] who considered the limits of validity
of the geodesic deviation equation and calculated the second order contributions. He
also acknowledged the fact that connecting two geodesics with a separation vector is
essentially nonlocal. Thus the reason eq. (3.15) is valid only for nearly parallel, neigh-
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bouring geodesics is simply due to observers trying to measure a nonlocal quantity,
locally. Consequently eq. (3.16) has a more fundamental quasilocal interpretation and
the —g(R(Eb,nf)E”,nj)l = |-Ry4y| term on the r.h.s. of eq. (3.14) might be taken as a
measure of work density attributed to S.

To understand this intuitively, consider the analogy of a soap bubble. The work done
per unit area to create the surface of a bubble is [76]

rM/class = é?"dA, (317)

where vy is the surface tension and dA is a surface area element of the bubble. Accord-
ing to classical theory, surface tension arises due to the unbalanced intermolecular
forces in the bubble. Likewise, according to the analogy formed here, |—ﬂ{w| is a
measure of energy density due to the relative tidal forces that observers experience
when they move along radial worldlines. This is of course applicable for observers
who share the same screen S. Therefore at quasilocal thermodynamic equilibrium,
we can define a general work density, namely a type of surface tension, according to

= VvV 2|-Rygyl. (3.18)

so that the amount of corresponding work is given by
3.19
16” 56@1} ds. ( )

3.1.1.3 Gibbs free energy density

In classical thermodynamics, when equilibrium is defined by the minimum of the
Helmholtz free energy, the Gibbs free energy reads [76]

Gelass = éV'dA’ (3.20)

for the thermodynamics of surfaces with constant pressure. Following the analogy
with the surface of a soap bubble,

‘M/class:SEy-dA@‘Wisgw-dS, (3.21)
S
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so that
gclass = é’}"dA < g =W (322)

should hold. This is consistent with eq. (3.11) which states that G = W since the
minimum Helmholtz free energy is zero according to the equilibrium condition defined
here. Thus, the I.h.s. of eq. (3.14) can be taken as a measure of the quasilocal Gibbs

free energy density:
9= 8% = 2|-VrJ|. (3.23)

with V.9 = n?5iV_ J .. from which the Gibbs energy can be obtained by
b* aij

1
G= Eﬁé‘q'dg' (3.24)

Note that, in general, the Raychaudhuri equation becomes nonlinear if one wants
to write it in terms of the energy densities defined here. However, recall that the
existence of thermodynamic potentials is guaranteed only in the equilibrium case in
which the potentials can be written linearly in terms of each other. In classical surface
thermodynamics, the surface tension, pressure gradient across the surface and mean
curvature of the surface can be related via the Young-Laplace equation [81]. Ideally,
in order to reach the equilibrium, fluids tend to extremize their surfaces until they have
zero mean curvature. This is when the surface tension takes its critical value. In
the formalism presented here, which is in line with our analogy, this happens when
f= \/_]Ta = Vk2 = I2 = 0, which defines the apparent horizon of a given spacetime.

Here we use a general apparent horizon [16], defined by the marginal surfaces on
which at least one of the expansion scalars of the null congruences is zero, i.e.,
610 =0, where [ (n”) is the outward (inward) pointing future-directed normal. Both
the conditions {6 > 0,6,y = 0} and {6 = 0,6, < 0} have previously been used to
define apparent horizons [54, 70, 71]. Here JaijJ“jl. in eq. (3.6) gives a measure of
610n)- Thus when it is equated to zero, one can conclude that at least one of the
expansion scalars of the incoming or outgoing null congruences converges without
knowing which one actually does.
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3.1.1.4 Internal energy density

On introducing the quasilocal energy definitions in Section 2.1, we stated that Ex; of
Kijowski is a good candidate for the total matter plus gravitational energy content of
a system. It is derived via a Hamilton-Jacobi formalism with Dirichlet boundary con-
ditions. According to Kijowski those boundary conditions are associated with the true
degrees of freedom of the quasilocally defined domain that gives the true energy [25].
When the equilibrium condition is imposed, the internal energy density in eq. (2.48)
can be written as

u = ko. (3.25)

Thus the quasilocal internal energy at equilibrium becomes

1
U=— Dko-dS. 3.26
Tor K0 (3.26)
which should satisfy the equilibrium condition (3.12) without any PV type term. This

requires that we define a quasilocal entropy and temperature at equilibrium.

Since the 2-surface S located at the generalized apparent horizon enters naturally, we
can follow the traditional approach of Bardeen [64] and define the quasilocal equilib-
rium entropy as

. Area(S)
5 - /1 ]
where A is a constant which is usually taken to be 4 in gravitational equilibrium ther-

(3.27)

modynamics of horizons. By eq. (3.12), at equilibrium the quasilocal temperature of

the system is then given by

r=4 (3.28)
S

without any direct reference to surface gravity.

3.1.1.5 First law of thermodynamics

According to the formalism constructed here, the first law should be written as

SU=S(T S)=T6S, (3.29)
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since we defined the quasilocal thermodynamic equilibrium via the minimization of
the Helmholtz free energy which is applicable for isothermal processes. The problem
with some of the gravitational thermodynamic constructions is that the total variation
of the internal energy and entropy is performed in specific directions for which the
first law does not have the dimensions of energy®. However, in our framework the
quasilocal behaviour of the system sets the degrees of freedom with respect to which
the total variation can be defined. These are the degrees of freedom that reside on
the instantaneously defined timelike surface T. Hence, we will set the total variation
to be the one on the worldsheet and write

R
oU:= 5 JV.uveu. (3.30)

Thus the first law should read

| oo (1[5 oo

3 VY, uveqy = fr(5 ANy 5), (3.31)
1 [T =

6T = 5 VL T VaT =0, (3.32)

where {a,b} = {0, 1}. Thus the temperature will be a worldsheet—constant rather than

with

a constant with respect to some coordinate time. For the examples that are presented
in the next section, it is easy to check that eq. (3.32) is satisfied. Note that, in general,

V,-»V,—>D,— E”aD,J - E“aau, (3.33)

can be used for the scalar functions that appear in equations (3.31) and (3.32).

Remark:

Note that for a static blackhole the temperature and entropy might be argued to be
intrinsically quantum mechanical, since they involve 7,

3 3 2
T - hc , 5~ch [L],
Gkg[M] hG

SFor example see [54].
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where [M] refers to mass dimensions and [L] refers to length dimensions. However,
since we lack a theory of quantum gravity it is difficult to say whether such a simple
argument based on simple dimensional analysis is relevant. In our case, the ther-
modynamic potentials U=7 S,F = U-T S, G = F + W are classical quantities and
therefore classical thermodynamic laws should apply.®

3.2 Examples

3.2.1 Schwarzschild geometry
Consider the Schwarzschild metric in standard coordinates

r

-1
P _(1 _ 2_M)dtz R (1 _ Z_M) dr + P e, (3.34)
r

where dQ? = d6? +sin® 8d¢?*. As stated previously, to define a consistent system ob-
servers should have fixed angular coordinates. As one example consider static radial
observers with double dyad

1 2M
B =|————0,00| E“=|o, (1——),0,0 , (3.35)
0 (I—Z—M) 1 r
) 1 1
N =(0,0,-,0), N, =(0.,0,0,—— (3.36)
2 r rsinf)

The choice of static observers is inconsequential for our results, which also apply to
observers with an arbitrary instantaneous radial boost with respect to this frame. For
such observers, eq. (3.6) implies

F=\ffe=2 ’" 2M (3.37)

which can be substituted in the Raychaudhuri equation, (3.2), in the general nonequi-
librium case to give a notion of nonequilibrium quasilocal energy exchange.

In order to set the quasilocal thermodynamic equilibrium condition, F should be min-

6This was actually spotted by one of the examiners of the thesis.
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imized. It is easy to see that, this occurs when r = 2M which coincides with the
location of the black hole horizon. Now let us calculate the internal energy at equi-
librium. Given the metric in (3.34) and the isometric embedding of S into Euclidean
3-space, one finds kg = 2/r. Then according to equations (3.12) and (3.26),

U=TS=M, (3.38)

with 7 = 1/(8xr) = 1/(162M), and S = Area(S)/A = (16aM?)/ 1 where A is a constant.
For those who wish to relate this temperature to the Hawking temperature [82], there
is a problem of factor of two, which has been encountered in similar context before
[83, 84, 85, 86, 87]. For A4 = 4 the temperature gives twice the Hawking temperature,
i.e., T =2Ty =2(8xM)~'. The literature is divided into two camps when it comes to
the value of the temperature of radiation for a particle that tunnels through the horizon.
Usually, those who favour 7 = 2Ty also favour the idea of dividing the entropy by 2 in
order to satisfy Hawking’s original first law [85, 87]. However, according to Hawking’s
original first law [82], for a static black hole [88],

Energy
2

= Temperature X Entropy. (3.39)

Thus, if A =4 then one should not divide the original entropy expression by 2 in order
to get the correct internal energy on the I.h.s. of eq. (3.39).

Also it is easy to check eq. (3.32),

S NYEATYER RN

This states that the system can be assigned a single temperature value which is a

worldsheet—constant. One also finds the corresponding work term, (3.19), and Gibbs
free energy term, (3.24),
1

= —4/2
w 167

_;]\/1‘(4”2), G 1;1 2‘2(r;34M)‘(4W2) (3.41)

which are equal at the quasilocal thermodynamic equilibrium, i.e.,

G=W=M. (3.42)
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3.2.2 Friedmann-Lemaitre-Robertson-Walker (FLRW) geometry

Now consider the FLRW metric in comoving coordinates

2 2 [ @0 2, 2002 1092
ds” =—dt” +| —= |dr - +a“(H)r-dQ-, (3.43)
1 —«r?
where « = {-1,0, 1} for open, flat and closed universes respectively and the comoving
observer dyads are

" " 1 —«r?
E 0 :(1509090)9 E i = 0,—,0,0 s (344)
a

1 1
N =10,0,—,0], N =10,0,0,——|. (3.45)
2 ar 3 arsinf

Again note that the resultant thermodynamic potential densities do not change for
observers with an arbitrary instantaneous radial boost with respect to the comoving
observers. For such a set up, Helmholtz free energy density is

— 2 _ 94242
f=Jfa= \/2(2 2K22r22“ ’ ) (3.46)

If we consider the equilibrium case where free energy takes its minimum value, one
can find the equilibrium condition to be

1 1
r= , or ry =(ar) = ———, (3.47)
Ve +a? A VH? +k/a?

where H is the Hubble parameter. This corresponds to the location of the apparent
horizon of the FLRW geometry [69, 54].

The internal energy density is found by isometrically embedding S into an Euclidean
3-geometry and calculating its extrinsic curvature as ko = 2/(ar). Thus according to
equations (3.12) and (3.26),

1

1
2 VH? +K/a2’

with T = A/(8mar) = A\JHZ +«/a2/(8n), and S = Area(S)/A = 4x/ [/l (H2 +K/a2)].

U=TS= (3.48)
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For A = 4, this result matches the one of [69, 89, 90, 91], where the temperature
attributed to the apparent horizon is found to be T4 = 1/ (2nra).

This temperature, assigned to the whole system, can be shown to be a worldsheet—
constant by the variation

1 /- A \= A
S a =0. 4
o7 2 \/Va(&rar)v (87rar) 0 (3-49)

When this condition holds, the work term (3.19) and the Gibbs free energy (3.24) are
also found to be

1 2k +2ai + 24> ) 2 .1 2a » 2
W = o \/2 3 (47ra r ), G = Ten —taa (47ra r ) (3.50)
By (3.47),
1 ||k+ad+a? 1
=== 3.51

G 2 a? H? +k/a? ( )

so that when the Friedmann equations are inserted we obtain
gy L ||L=3p/p
G=wW=, ‘ T (3.52)

3

where p is the pressure, p is the energy density of the perfect fluid and their ratio is
w = p/p. Alternatively, we can compare the work required to create a quasilocal 2-
surface that encloses a system filled with either vacuum energy (w = —1), stiff matter
(w = 1), dust (w = 0) or radiation (w = 1/3). For the same value of the perfect fluid
energy density, at equilibrium, the results state

WVacuum > r[/VSz‘iff > rM/Dust > WRadiation =0, (353)

meaning that a system filled with stiff matter has a greater tendency to store the po-
tential relative work than a system filled with dust or radiation. Note that the surface
tension is independent of the spatial size of the system in a FLRW spacetime, con-
sistent with the fact that the FLRW geometry models a homogeneous universe. To
see the differences with an inhomogeneous universe one may consider the Lemaitre-
Tolman spacetime.
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3.2.3 Lemaitre-Tolman (LT) geometry

The LT metric can be written in the comoving coordinates as

R(t,r)

ds? = —di? + | B0
g +(1+2K(r)

)dr2 +R(t,r)dQ?, (3.54)

where X’ = 2X and X = %X for an arbitrary function X. One can choose a comoving
observer dual dyad

VIT2K
E* = (1,0.0,0). B = (o,%,o,o], (3.55)
1 1 " 1
N =(0,0,%,0], N =(0,0,0,——|. (3.56)
2 R 3 Rsind

Then the Helmholtz free energy density for such an observer is given by

2+4K -2R?
=P[R o5

Minimizing ¥ to obtain the condition for quasilocal thermodynamic equilibrium we find

R* = 1+2K, (3.58)

which again gives the location of the generalized apparent horizon of the LT geometry
[92]. In the absence of the cosmological constant, the evolution equation for the LT
spacetime may be written as

R*=2K+ 214, (3.59)

R

where M = M(r) is an arbitrary function which is said to play the role of the active
gravitational mass within a constant radius shell in LT solutions. Therefore, another
way of defining the apparent horizon is R(t,r) = 2M(r).Then after computing the in-
ternal energy density as ko = 2/R by equations (3.12) and (3.26), the internal energy
becomes

U=TS=Mr), (3.60)

with 7 = 1/(87R) = 1/(16xM), and S = Area(S)/A = (16xM?)/A. If we take A = 4, then
the temperature assigned to the system takes the same value as the temperature
attributed to the apparent horizon in [93]. The work term (3.19) and the Gibbs free
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energy (3.24) are also found as:

' 2K’ 2R 2RR’
167T RR’ RR’

(47R?), (3.61)

\/'ZR 22 22K+D) (2K” - 2RR)
= Tor R RR'

(47R?). (3.62)

Substituting eq. (3.59) and R(t,r) = 2M(r) into the equations above gives
G=W=M@r)/ V2 (3.63)

In contrast to the homogeneous cosmology, the surface tension in eq. (3.61) depends
on the radial position of the quasilocal observers who define the inhomogeneous sys-
tem.

One can check the thermodynamic potentials of the LT system reduce to those of the
FLRW and Schwarzschild spacetimes in the appropriate limit. In particular, for [92]

R=a()r and M= f 4npR*R’ dr (3.64)

the relative work term (3.63) agrees with the dust case of eq. (3.52) for the FLRW
geometry as expected. Likewise, if we take R = r and use the spatial derivative of the
evolution equation (3.59) to eliminate K’(r) then at equilibrium eq. (3.61) agrees with
(3.41) for the Schwarzschild geometry. However, the general relative work (3.63) of
LT differs from the Schwarzschild case (3.42), on account of the competing terms in
egs. (3.61) or (3.62). Recall that the Gibbs free energy is a measure of how much
potential the system possesses to do work. In the static limit the second and third
terms inside the square root in eq. (3.61) vanish. In that case, the system stores all of
the gravitational energy due to the spatial term —2K’/(RR’) as potential work without
being compelled to expend some of this energy as the system evolves in time.
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3.3 Local versus quasilocal equilibrium

In Newtonian physics a system composed of particles which are in local thermody-
namic equilibrium with each other is not always expected to be in global thermody-
namic equilibrium. In the case of global equilibrium, one can assign single values of
thermodynamic variables to the whole system. Likewise, in our case we have defined
a quasilocal thermodynamic equilibrium condition so that one can assign a single
temperature value to the whole system.

In general, there is no reason for a system in local (or global) equilibrium to be in
hydrodynamic equilibrium as well. One requires additional conditions for them to co-
incide [94], so we should be careful to distinguish these concepts.

A typical example of the local thermodynamics of matter fields on a curved back-
ground is given by Gao [95] who generalizes early work of Sorkin, Wald and Zhang
[96] to a generic perfect fluid. He investigates the connection between local ther-
modynamic equilibrium and hydrostatic equilibrium. Gao considers a collection of
monatomic ideal gas particles with p = p(T), p = p(T) and s = s(p,n) where s is the
locally defined entropy density and » is the number density of the particles. By max-
imizing the local matter entropy, an equation for local hydrostatic equilibrium is ob-
tained. This is not a unique way of defining the local thermodynamic equilibrium but
this specific thermodynamic equilibrium condition also satisfies the local hydrostatic
equilibrium. Also it is important to note that the fluid particles are not necessarily in a
local thermal equilibrium here.

Now let us consider the analogous problem of the conditions under which quasilocal
thermodynamic equilibrium and quasilocal hydrodynamic equilibrium coincide for a
general system containing both matter and gravitational energy contributions. We
will assume that locally defined condition given by Green, Schiffrin and Wald [94] for
matter fields also holds in the quasilocal case. This requires the quasilocally defined
entropy to have its extremum value with respect to a total variation defined by relation
(3.31). In order to compute this one can consider a generic spherically symmetric
spacetime metric

ds? = —A%(r,0)d* + BX(r,t)dr* + R*(r,1)dQ?, (3.65)

where A(r,t) and B(r,t) are arbitrary functions, R(r,) is the areal radius of S, and our
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double dyad is

E'S = (05,0.0,0), E'. = (0, 525-0,0), (3.66)

N =(0,0, z2-0), N, =(0,0,0, gr5wa) - (3.67)

Then, quasilocal Helmholtz free energy takes its minimum value when A?R’?> = B>R?,
and the total variation of the quasilocally defined entropy, (3.27), at equilibrium is

VVasVas

1 4nR AnR?
= —4|E'.0 @E” §,| —]=0
e ) o

showing that the entropy is an extremum. This allows us to conclude that the quasilo-

| =

oS

cal thermodynamic equilibrium and quasilocal hydrodynamic equilibrium should coin-
cide. The interpretation of this result is crucial for the next section.

3.4 Quasilocal virial relation

Here we will sketch how the formalism above might be adapted to give a quasilocal
virial condition which differs in character from previous attempts to define a virial the-
orem in general relativity [97, 98, 99, 100]. In previous studies only matter fields have
been investigated, in which the central object is the energy-momentum tensor defined
at each spacetime point. However, a full description of the virial theorem in general
relativity should also include gravitational energy, which cannot be defined at a point
due to the equivalence principle.

Ordinarily in classical mechanics the virial theorem is obtained by considering a sys-
tem with motions confined to a finite region of space. If the potential energy is a
homogeneous function of the coordinates, then the virial theorem gives a relation be-
tween the time averaged values of the total kinetic and potential energies [101]. For
such a system one can define a virial function G by [102] G(¢) = }; pi.F;, where 7; are
the coordinates and the j; are the momenta of the particles in the system. If G(¢) is a
bounded function, then the mean value of its time derivative is zero, i.e.,

<%(Zﬁi.ﬁ]> = <Zi:(ﬁi-\7i)>+<zi:(?i.ﬁi)> =0. (3.68)
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Therefore, for a system under gravitational potential, the virial theorem reads
2(K.E)=—-(P.E), (3.69)

where (K.E) and (P.E) are the time averaged values of the total kinetic and potential
energies.

When it comes to including relativistic effects, however, this result changes. For the
ultrarelativistic limit (v — ¢), the virial theorem takes the form [103]

(K.E) = —(PE). (3.70)

In astrophysics, the virial theorem is used when the thermal and the gravitational
forces acting on an isolated system balance each other so that the system neither ex-
pands nor contracts. This state of the system is defined by its hydrostatic equilibrium
[104]. In general the system is assumed to be composed of ideal gas particles which
are in local thermal equilibrium with each other, which guarantees stability [94]. The
value of the internal energy of the system, E™™, is then equal to the ensemble average
of the kinetic energies of the particles creating the system [105], i.e.,

EM"=KE, (3.71)

where the overbar denotes the ensemble average at a given time. Note that the
equipartition theorem is an application of the virial theorem. If thermal equilibrium
coincides with hydrostatic equilibrium, then the temporal average of the kinetic energy
of the total system becomes equal to the ensemble average of the kinetic energies of
the particles at a given time [106], i.e., (K.E)l;,—,) = K.El. Consequently, for this
case, one can rewrite (3.69) and (3.70) as

2E™ = —(P.E) (nonrelativistic) (3.72)

and [103]
E™=—(PE) (ultrarelativistic) (3.73)

In our case, quasilocal thermodynamic equilibrium is set by the minimum of the
Helmholtz free energy which holds for systems with worldsheet—constant temperature
and volume. This occurs when the mean extrinsic curvature of S is zero. Thus if one
perturbs S along T, it neither expands nor contracts. Furthermore, the quasilocally
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defined entropy of the system then takes its extremum value. We can then expect the
quasilocal thermodynamic and hydrodynamic equilibria to coincide.

By analogy to the case of matter fields only, a virial theorem might hold also in our
quasilocal formalism. In particular, we will suggest a natural bound,

Ematter+grav = EKLY - Egi”- (374)

from which a quasilocal virial relation follows. Here Eqyervgrav represents the com-
bined energy of the matter and gravitational fields, while Eg"” is the minimum binding
energy of the system. Furthermore, the interpretation of Ex;y as an invariant proper
mass-energy for generic spacetimes is agreed upon by many authors [26, 27, 50].
We demonstrate that (3.74) agrees with known results in particular limits, but will not
attempt a formal proof of this bound or consequently of a virial theorem, which would
require a detailed definition of E},uer+grav in terms of suitable ensemble averages.

We first recall that Bizon, Malec and O Murchadha [107] introduced a mass bound for
a collection of spherical shells under collapse, given by

M <M,—Ep, (3.75)

where M is the total ADM energy of the shells, M, is the total proper mass and E is
the binding energy. The equality holds when binding energy is minimum, which turns
out to be the Newtonian limit. Later, Yu and Caldwell [108] included this argument in
their calculation of the binding energy of a Schwarzschild black hole and showed that

M =M, - E%™, (3.76)

and M, = Egy in the Schwarzschild geometry for static observers at any r. Since
Epy = Exyy for static observers in the Schwarzschild geometry, (3.76) is seen to
coincide with (3.74) in the Schwarzschild geometry.

Now let us specialize to observers at quasilocal hydrostatic equilibrium in the
Schwarzschild geometry, at » = 2M, where the Kijowski-Liu-Yau energy gives

2. /1-2M
-1 r 2.
Exiy=— | dS| ——————|=2M. (3.77)
8m Js r r
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Since the internal energy, Ei? = Ex; (2.48), at equilibrium corresponds to the usable
matter plus gravitational energy, the I.h.s. of (3.74) should read

_ in
Ematter+grav = EK

-1
dS —_—
" 6 %

Hence E””" M. The minimum binding energy of such a system can also be found by
calculating the work done in bringing the spherical mass shells from infinity to r =2M
by observers who are instantaneously at rest in the Newtonian limit [108]. Thus at
hydrostatic equilibrium,

Enatter+grav = E™, (3.78)

which is analogous to the virial relation (3.73) in the ultrarelativistic limit, since bind-
ing energy is negative of the potential energy, and only the so-called reference term
survives in E}? at quasilocal thermodynamic equilibrium.

Now we will generalize this result by assuming that (3.74) holds for generic spher-
ically symmetric spacetimes at quasilocal hydrodynamic equilibrium. At quasilocal
hydrodynamic equilibrium /292 = Vk2 12 =0, by (2.48) and (2.57),

T |
Ematter+gmv = Ei? = E SkO ds. (379)
1
Exy = 2( 95 ko dS), (3.80)
167

Hence from eq. (3.74) we find

o1
Exry — Ematter+grav Emm = 167'[ kO ds, (3.81)

where kg = 2/R(r,t) is the extrinsic curvature of S when embedded in Euclidean 3-
space and R(r,?) is the areal radius of S. Therefore, by (3.79) and (3.81) one obtains
(3.78) as a virial relation for any spherically symmetric distribution at quasilocal hydro-
dynamic equilibrium whose matter and gravitational contributions to the total content
cannot be decoupled.

A key inference is that the proper mass—energy, usable matter—energy and the bind-
ing energy of a system make most sense when referred to measurements made by
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the same set of quasilocal observers. Therefore the idea of comparing certain energy
definitions for systems with different sizes in a given spacetime can lead to paradoxes.
For example, Frauendiener and Szabados argued that [109] “...if the quasi-local mass
(Exvry) should really tend to the ADM mass as a strictly decreasing set function near
spatial infinity, then the Schwarzschild example shows that the quasi-local mass at
the event horizon cannot be expected to be the irreducible mass.” This is true simply
because a system with a spatial size coinciding with the event horizon has different
binding energy requirements than the one whose spatial size tends to infinity. The
latter one has zero binding energy, because no work has to be done by the system
defined by quasilocal observers located already at infinity. The authors continue with
the statement “...there would have to be a closed 2-surface between the horizon and
the spatial infinity on which the quasi-local mass would take its maximal value. How-
ever, it does not seem why such a (geometrically, and hence, physically) distinguished
2-surface should exist.” Here we note that such a closed spatial 2-surface does exist
with a location matching the apparent horizon. It encloses a system whose quasilocal
thermodynamic equilibrium coincides with quasilocal hydrodynamic equilibrium. This
might also serve as a physical interpretation for a generalized apparent horizon for
the case when its location matches the one of a marginally outer trapped surface.
The outgoing null rays of a system enclosed by such a trapped surface do not tend
to leave the system because systems in quasilocal thermal equilibrium simply do not
radiate.

3.5 Discussion

When the equilibrium thermodynamics of horizons was first introduced in the 1970s
[62, 63, 64], the quasilocal energy definitions that we have today were unknown. It
is now known that the physically relevant boundary Hamiltonian of general relativity
lies on a closed 2-dimensional spacelike surface, S, of a spacetime domain [24, 25],
which we call the screen. In this chapter we have focused on a spherically symmetric
system enclosed by a screen, S, as the central object of gravitational thermodynamics
rather than horizons.

Isolated systems are natural objects in classical thermodynamics. In general relativ-
ity, however, no system can be totally decoupled from the rest of the universe due to
the nonlinear nature of the gravitational interaction. The systems we consider in this
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chapter have arbitrary size and are generally in nonequilibrium with their surround-
ings. Only after quasilocal thermodynamic equilibrium conditions are introduced does
it follow that the screen is located at the apparent horizon of [16], where the standard
equilibrium thermodynamic laws apply.

We believe that this approach may ultimately prove useful in general relativity, since
the issues associated with quasilocal gravitational energy on one hand, or with grav-
itational entropy on the other, are generally studied in isolation. In fact, the problem
of gravitational entropy is so complex that often researchers simply seek definitions
in terms of geometric quantities which are nondecreasing with time [110, 111, 112],
giving rise to a “second law”, without directly investigating whether the entropies so
defined obey any of the other properties one might reasonably demand of a genuine
thermodynamic potential. The fact that the second law of classical thermodynamics
can be viewed as a consequence of entropy not being rigorously defined in nonequi-
librium [72] is usually overlooked.

On account of the equivalence principle, statistical macroscopic properties of the grav-
itational field are necessarily nonlocal. To interpret quasilocal gravitational energy in
terms of thermodynamic laws it is necessary to have a measure of the “work done”
by the tidal forces on the screen associated with the quasilocal observers. For this
reason, we have adapted the generalized Raychaudhuri equation of an arbitrary di-
mensional worldsheet embedded in an arbitrary dimensional spacetime [32], to the
special case of a 2-dimensional timelike surface, T, (orthogonal to S at every point),

which we embed directly into 4-dimensional spacetime.

The mean extrinsic curvature of S, that appears in the quasilocal energy definitions
[25, 26, 27], gives the expansion of S when it is perturbed along T. Degrees of
freedom residing on T are, therefore, understood to be those which describe the
changes of thermodynamic potentials, while the degrees of freedom residing on the
screen, S, are required to consistently define a system. Hence, in order to write the
first law, the total variations of the thermodynamic variables are taken along the 2-
surface T rather than variations along the integral curve of a single vector.

It is known that quasilocal energy definitions which involve the mean extrinsic cur-

vature of S are invariant under radial boosts. In our formalism this boost invariance
holds for all thermodynamic potentials that appear in the generalized Raychaudhuri
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equation (3.1), once the definitions (3.6), (3.18) and (3.23) are made. This is possible
on account of radially moving observers of a spherically symmetric spacetime.

Our spherically symmetric formalism might be easily extended to situations which
are approximately spherically symmetric, in a perturbative scheme. Furthermore,
we believe that similar reasoning to ours could also apply to spacetimes with other
symmetries, such as axial symmetry. In that case one should be able to introduce
additional quantities, which account for rotational energy, for example. In such a case
the first and third terms on the r.h.s. of the generalized Raychaudhuri equation (3.1)
are nonzero, making a thermodynamic interpretation considerably more complicated.
We will discuss these issues in the next chapter.

As an application of our formalism, we have sketched a natural bound involving the
quasilocal gravitational energy plus matter fields, which might suggest a virial relation.
To rigorously prove a virial theorem requires that we have a proper understanding of
the degenerate states of matter and gravitational fields contained within the screen, S,
which are consistent with the same worldsheet—constants on S. Such an understand-
ing of course requires going far beyond this thesis, as it effectively means probing
fundamental questions related to the holographic interpretation which are important
to both statistical and quantum gravity.

Other questions for future work relate to the question of nonequilibrium quasilocal
gravitational thermodynamics for systems that are close to equilibrium. The Helmholz
free energy, (3.8), is defined for all states of the system, whereas the other thermo-
dynamic potentials have only been defined at quasilocal thermodynamic equilibrium.
This is simply because equilibrium was defined by minimization of ¥, which may not
be the only way to define a useful quasilocal thermodynamic equilibrium condition.
Other types of equilibrium conditions could be applied to the generalized Raychaud-
huri equation.

For the case of thermodynamic nonequilibrium, the existence of thermodynamic vari-
ables is not guaranteed and their consistent definition becomes murky even in clas-
sical thermodynamics. Losing the linearity condition among the thermodynamic vari-
ables makes their interpretations much more difficult. However, the Raychaudhuri
equation of the worldsheet (3.1) should still quantify the energy fluxes into and out of
the system. That is what we will focus on in the next chapter.
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Recently, Freidel [67] presented an approach to study nonequilibrium thermodynam-
ics by using geometrical objects in a 2+2 formalism. Our language is similar to his
in terms of the quasilocal nature of the thermodynamic potential densities introduced
on a screen S. However, our formalism differs fundamentally in character by the exis-
tence of a worldsheet T on which both of the degrees of freedom are treated equally
in terms of their roles in evolving the potentials. Whether or not investigation of this
difference provides a passage from quasilocal equilibrium to nonequilibrium thermo-
dynamics is a point of interest.

In the next chapter, we will focus on systems that are not in quasilocal thermody-
namic equilibrium. Moreover, we will relax the condition of spherical symmetry. Our
investigation will mainly involve the quasilocal energy exchange of the system. The
thermodynamic interpretation, which does not exist for systems far from equilibrium
even in classical thermodynamics, will be abandoned.
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4 Quasilocal energy exchange and
the null cone

In general relativity, there is no unique definition of matter plus gravitational energy ex-
change definition for a system. For the case of pure gravity, for example, gravitational
radiation and the energy loss associated with it, can be identified unambiguously only
at null infinity, 3*, of an isolated body [14]. Essentially it is assumed that observers
are sufficiently far away from the body in question so that the asymptotic metric is flat
and the perturbations around it correspond to the gravitational radiation. Also it is as-
sumed that the spacetime admits the peeling property, i.e., the Weyl scalars behave
asymptotically ' and outgoing null hypersurfaces are assumed to intersect 3* through
closed spacelike 2-surfaces whose departure from the unit sphere is small [113]. It
is known that the wave extraction and the interpretation of the physically meaningful
quantities are often challenging for numerical relativity simulations based on those
asymptotic regions.

On the other hand, for astrophysical and larger scale investigations, we would like to
know how systems behave in the strong field regime. We would like to understand
the behaviour of binary black hole or neutron star mergers and how those objects
affect their close environment. Considering the fact that gravitational energy cannot
be localised due to the equivalence principle, there have been a considerable number
of attempts to understand the energy exchange mechanisms of arbitrary gravitating
systems quasilocally, on top of the earlier global investigations [114, 115, 116]. How-

"Weyl tensor obeys a peeling property, meaning that it can be expanded as the following [12]

cl oD B @ |
wap | “wap | “pvop | “pvap 0( ) 1)

Cuap = =7 2B e r

/15

where A is the affine parameter that parametrizes the null geodesics. As one takes 1 — o the first
term on the right hand side dominates and the curvature tensor acts like the one of a Petrov type-IV
(N) spacetime. This means it shows similar behaviour to the pp-waves.
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ever, not all of the quasilocal energy investigations are constructed on, or translated
into, the formalism that the numerical relativity community uses. In the present chap-
ter, we aim to present a method with which one can investigate the quasilocal energy
exchange of a system. This involves the observables of timelike congruences, how-
ever, we present the corresponding null cone observables as well once we perform a
transformation between the two formalisms.

In Chapter 2 we presented Capovilla and Guven’s generalized Raychaudhuri equa-
tion which gives the focusing of an arbitrary dimensional timelike worldsheet that is
embedded in an arbitrary dimensional spacetime. Previously, in Chapter 3, we ap-
plied their formalism to a 2-dimensional timelike worldsheet, T, embedded in a 4-
dimensional spherically symmetric spacetime. This allowed us to define quasilocal
thermodynamic equilibrium conditions and the corresponding quasilocal thermody-
namic potentials in a natural way.

In the present chapter, we will consider more generic systems, which are not in equi-
librium with their surroundings. Also the systems we consider here are not neces-
sarily spherically symmetric. Our main aim is to present a method for the calculation
of the energy-like quantities of these systems which can be exchanged quasilocally.
While doing so, we will switch from Capovilla and Guven’s notation to the notation of
Newman-Penrose (NP) formalism [34]. Firstly, this will ease our calculations. Sec-
ondly, the transformation of the original formalism of CG to NP poses basic questions
about the null tetrad gauge invariance of numerical relativity in terms of quasilocal con-
cerns. Namely, if one wants to investigate a system quasilocally one needs to define it
consistently throughout its evolution by keeping the boost invariance of the quasilocal
observers. This fixes a gauge for the complex null tetrad constructed through their
local double dyad in our 2+2 approach.

The construction of this chapter is as follows. In Section 4.1, we survey some of
the local, global and quasilocal approaches in the literature to investigate matter plus
gravitational mass-energy exchange. We will show just how broad the literature is
in terms of energy exchange investigations. In Section 4.2 we start to question how
to best define a quasilocal system properly and introduce our choice of system def-
inition. In Section 4.3 we present the contracted Raychaudhuri equation in the NP
formalism and demonstrate how our gauge conditions affect it. Later, in Section 4.4,
we give physical interpretations to the variables of the contracted Raychaudhuri equa-
tion in terms of the quasilocal charge densities. We define the associated quasilocal
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charges and end up with a work-energy relation. According to our interpretation, the
contracted Raychaudhuri equation of the worldsheet of the quasilocal observers gives
information about how much rotational and nonrotational quasilocal energy the sys-
tem possesses, in addition to the work that should be done by the tidal fields to create
such a system. In Section 4.5 we present applications of our method to a radiat-
ing Vaidya spacetime, C-metric and interior of a Lanczos-van Stockum dust source.
We present the delicate issues related to our construction in Section 4.6 and give a
summary and a discussion in Section 4.7. Our derivations, together with the relevant
equations of the NP formalism , are presented in Appendices A, B and C.

Note that since we use (—,+,+,+) signature for our spacetime metric in this thesis,
one has to be careful about the definitions of the spin coefficients and curvature
scalars when comparing them to Newman and Penrose’s original construction in [34].
However, that is not a complication for our contracted Raychaudhuri equation as it is
independent of the metric signature.

4.1 Mass-energy exchange: local, global and
quasilocal

4.1.1 Local approaches

For local investigations of the gravitational energy flux, the Weyl tensor plays the cen-
tral role. Newman and Penrose introduce five complex Weyl curvature scalars which
incorporate all of the information of the Weyl tensor by [34]

Yo = Cppl'm’In?, (4.2)
U1 = Capl'n’l'n?, (4.3)
2 = Cpppplm'm'n, (4.4)
U3 = Capl'n’m™n’, (4.5)
Yo = Cppn'mn’i, (4.6)
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where Cy,qp is the Weyl tensor of the spacetime, {l,,n,,m,,m,} is the NP complex
null tetrad and the only surviving inner products of the null vectors with each other are
(ny=-1and (m,m) = 1.

The dynamics of timelike observers, who live in different Petrov-type spacetimes, was
investigated by Szekeres previously [117]. In this method, one can assign physical
meanings to the Weyl scalars. However, we note that this is only possible once we
adapt our NP tetrad to the principal null direction(s) of the spacetime in question.
Once we relax this condition, Weyl curvature scalars cannot be interpreted as the
way it was done in Szekeres’ work.

Let us decompose the Weyl tensor into its electric and magnetic parts. One can
define a super-Poynting vector through them via [118] B, = €105 £ B5, where Ey =
h"ﬂhﬂycwﬂy C Kﬁpt(’tp is the magnetic part,
#* is the timelike vector orthogonal to the 3-dimensional spacelike hypersurfaces, 7",

171" is its electric part, B, h“ hﬂv L~
is the corresponding projection operator and €, is the Levi-Civita tensor. The super-
Poynting vector represents the gravitational energy flux density following its electro-
magnetic analogy. In [119] it is shown that choosing a transverse tetrad, rather than
a principal tetrad, aligns the gravitational wave propagation direction with the super-
Poynting vector. Authors indicate that if we have a device which in principle works like
Szekeres’ ‘gravitational compass’ [117] we can detect the gravitational waves locally.?
This is of course applicable for a purely gravitational case.

4.1.2 Global approaches

For gravitational waves, Bondi mass loss [14] is one of the most widely used expres-
sions to determine the energy lost by the system via gravitational radiation at null
infinity. For an asymptotically flat spacetime, with NP variables, the Bondi mass reads
as [37]

1 - (0)

Mp = (w(o) Oz )ds, (4.7)

Arn
where S is the closed spacelike surface located at null infinity, o = —(m, Dl) is one
of the NP spin coefficients and the superscript ‘(0)’ represents the leading order part

2In fact, recently, it has been announced that the gravitational waves have been detected by local
measurements of the two LIGO interferometers [120].
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of the object with respect to a radial expansion. The mass loss associated with the
gravitational waves is determined once the ‘time’ derivative, denoted by the overdot, of
the Bondi mass is calculated in Bondi coordinates. Note that in the tetrad formalism
approach of Bondi, the null tetrad is required to satisfy certain conditions. In the
Bondi-Metzner-Sachs gauge one has

k=n=¢e=0, L =p, T=a+p, (4.8)
which gives the symmetry group of the conformal boundary at null infinity.

In terms of other global investigations, the energy loss of a relativistic body through its
interaction with the external field can be traced back to Misner, Thorne and Wheeler’s
mass definition [121] constructed via an effective energy-momentum pseudotensor.
Developed by many, including [114, 122, 123, 124], the methodology for calculation of
the mass-energy loss of an isolated relativistic body via its interaction with an external
field is in fact very similar to the Newtonian analysis [115].

One can calculate the mass-energy loss via [114, 115]

dM.
IS o | (—p Y ngrde, (4.9)
dt as
where M is the mass inside the 3-sphere S which gives the mass of the isolated ob-
ject, M, to leading order under the slow rotation assumption; 4§ is the 2-dimensional
boundary of S, —g is the square of the 4-metric density, % is the Landau-Lifshitz pseu-
dotensor [5], n/ = x’/r are the radial vector components and dQ is the 2-dimensional
volume element. If one keeps only the EI cross terms, where Ejx = R ;4 Rﬂmﬁ is
the Riemann tensor of the external field and I;x is the mass quadrupole moment of

the isolated body, one gets

—— ==\ F ! SEN——, 4.10
dr dt( KT T (4.10)

in which only the zeroth and first order time derivatives and the leading order term in
the perturbative expansion are considered. In this approach, the first term on the right
hand side is interpreted as the rate of change of the interaction energy of the body
and the external field, whereas the second term is interpreted as the rate of work
done by the external field on the body. Therefore,

— = 411
dt 2 dt ( )
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is sometimes referred to as tidal heating even though the energy loss/gain is not solely
via the cooling/heating of the body in question [115].

There have been debates about whether or not the total mass of the body, which is
taken as the sum of the self energy and the interaction energy, is ambiguous in this
picture [114, 115, 116] 3. For the time being, let us bear in mind that results obtained in
this approach are true up to the leading order of the energy calculations of an external
field and of an asymptotically flat spacetime which models a slowly rotating body at
null infinity. Also, in general, one should be careful about using energy-momentum
pseudotensors to calculate the mass-energy of a system due to the delicacies we
mentioned in Chapter 2.

4.1.3 Quasilocal approaches

As mentioned previously, in Chapter 2, the effective matter plus gravitational energy,
momentum and stress energy densities can be attributed to the extrinsic or intrin-
sic geometry of a closed, spacelike, 2-dimensional surface in many applications of
general relativity. Note that these spacelike 2-surfaces can be considered as the ¢-
constant surfaces of the (2+1) timelike boundary, B, of the spacetime. Alternatively
they can be considered as the embedded surfaces of spacelike 3-hypersurfaces or
embedded surfaces of the spacetime itself [79, 125, 24, 25, 126, 26, 27].

Recall from Section 2.1.4 that Brown and York [24] define T = (©y™ —©")/(87) as
the object that carries information about the matter plus gravitational energy content
of a given system by following a Hamiltonian approach. Here ®,, is the extrinsic
curvature of the worldtube and vy,, is the 3-metric induced on it that is fixed. Then the
matter plus gravitational energy flux density, fzy, follows from the worldtube derivative
of the matter plus gravitational energy tensor, i.e.,

foy =7, Da(T'1), (4.12)

where # is a timelike vector field which is not necessarily orthogonal to the ¢-constant

3The discussion began with Thorne and Hartle’s statement that there exists an ambiguity in the total
mass-energy of the body [114]. Later, Purdue concluded that there is no ambiguity at least in the
rate of work done on the system up to leading order [115]. Furthermore, Favata considered different
“localisations” of gravitational energy and concluded that the total mass-energy of the system does
not depend on the choice of the energy-momentum pseudotensor and is thus unambiguous [116].
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spacelike surfaces 5, v, is the projection operator on to the worldtube and D, is the
spacetime covariant derivative.

In [127], the authors define the rate of work done on a quasilocal system via eq. (4.12)
by specifically choosing # not to be a timelike Killing vector field of the worldtube
metric. According to Booth and Creighton, in vacuum, the rate of work done on the
system by its environment is given by

‘%V = —% fs , XAV S vy (4.13)
where $; is the operator that is obtained by projecting the covariant derivative operator
defined by the induced metric of B on the spacelike 2-surface. Equation (4.13) is used
to calculate the tidal heating quasilocally in the weak field limit, which serves as an
excellent example to compare the quasilocal formalisms with the global ones. Their
results show that the leading terms of the rate of work done is not exactly equal to the
one given by the global method, eq. (4.11). It is only the so-called irreversible part,
the portion that is expended to deform the body, that is equal to %fJKd[]K/dt and
hence attributed to tidal heating. However, there exists an additional portion which is
stored as the potential energy in the system, called the reversible part, which differs
from the results of the global method.

In [128], Epp et al. take one step further and come up with a more concrete definition
of matter plus gravitational energy flux between the initial, §;, and final, Sy, slices of
a worldtube. This approach is more concrete in the sense that the 2-surfaces have
certain conditions on them. The authors define a rigid quasilocal frame by demanding
the 2-surfaces to have zero expansion and shear when they are considered to be
embedded in the worldtube. In this approach, the energy flux density in vacuum is
calculated as «,P*. Here «, is the proper acceleration of the observers projected on
the 2-surface, P* are constructed via the normal and tangential projections of T%”, as
defined by Brown and York [24]. On the spacelike 2-surfaces %, = oyu, T, and oy
is the metric induced on the 2-surfaces. This is a coordinate approach. However, the
conditions they impose on the spacelike 2-surface can be translated into null tetrad
gauge conditions once a change of formalism is applied. In the next section, we will
see that our definition of a system is not as restrictive as the one of Epp et al..

69



4 Quasilocal energy exchange and the null cone

70

4.2 Null tetrad gauge conditions and the quasilocal
calculations

In the present chapter, we have no intention to discuss the advantages and disad-
vantages of numerical relativity calculations at finite distances*. However, we would
like to keep track of the quasilocal observables and the null cone observables si-
multaneously as they are not always investigated in tandem in numerical relativity
simulations.

Consider the case of a perturbed rotating black hole. In real astrophysical cases,
our ultimate goal is to get information about the properties — such as the mass, an-
gular momentum and their dissipation rates — of this black hole via the gravitational
radiation we detect. In such a case, we have the freedom to choose a null tetrad
for gravitational radiation calculations and a corresponding orthonormal tetrad for the
quasilocal energy calculations. One of our aims, in this chapter, is to check whether or
not those tetrad choices are consistent with each other when the different formalisms
are considered.

For example, there is a geometrically motivated transverse tetrad, the so-called quasi-
Kinnersley tetrad [132], which is considered to be one of the best choices to study
the gravitational wave extraction from a perturbed Kerr black hole [133, 134, 135].
In [119], Zhang et al. investigate the directions of energy flow using the super-
Poynting vector and show that the wave fronts of passing radiation are aligned with
the quasi-Kinnersley tetrad. However, in the current section, we introduce certain
null tetrad gauge conditions for a quasilocal system which are not satisfied by the
quasi-Kinnersley tetrad. This might mean that even though one can measure the
gravitational radiation emitted from a region properly, one might not be able to extract
the quasilocal properties of its source consistently. What we mean by this sentence
will be more clear once we introduce our formalism and give a detailed discussion of
this specific issue in Section 4.6.

When the quasilocal properties are taken into consideration, one has to start the in-
vestigation with a proper definition of a system. This is the missing ingredient in many

4For example see Gémez and Winicour’s discussion on this issue [129]. Also see [130] for a con-
struction of a conformal method and see [131] for a pedagogical review of conformal methods in
numerical relativity.
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quasilocal approaches in the literature. In the present chapter, we use a rigorous ge-
ometrical method to define a generic system via the mathematical properties of our
2-surfaces T and S which we introduced in the previous chapters.

Recall that previously we considered an embedding of an oriented worldsheet with an
induced metric, n_,, written in terms of orthonormal basis tangent vectors, {E,},

gE,LE)=1n,. (4.14)

The two unit normal vectors, {N,}, of the worldsheet were defined up to a local rotation
by,

g(N;,N)) =6, (4.15)
g(N',E,) =0, (4.16)

where {a,b} = {0,1} and {i, j} = {2,3} are the dyad indices and the Greek indices will
refer to 4-dimensional spacetime coordinates.

For a physically meaningful construction, we want the tangent spaces of these em-
bedded surfaces, T and S, to be integrable [32]. According to Frobenius Theorem,
involutivity is a sufficient condition for the existence of an integral manifold through
each point [136]. In other words, let D be a k-dimensional distribution on a manifold
M, which is required to be C*. D* is involutive if for the vector fields X,Y € D their Lie
bracket satisfies [X, Y] e D [137].

Therefore our tangent basis vectors {E,, N;} need to satisfy

[Ea Ep) = [y Ecs (4.17)
| Ni.Nj| = N (4.18)

Note that one can construct a complex null tetrad, {I,n,m,m}, via an orthonormal
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double dyad and vice versa according to

Bl = %(l’%n"), (4.19)
Bl = %(lﬂ—n“), (4.20)
N”2 = %(m’“+ﬁ“), (4.21)
N = —%(m”—ﬁ'“). (4.22)

Now let us see the gauge conditions that the Frobenius theorem, when applied to
the tangent spaces of T and S, imposes on a null tetrad constructed via the tangent
vectors of T and S. We can rewrite eq. (4.17) as

EV.D,E", —E",D,E", = ¢ E' . :=F",. (4.23)

Considering the only non zero component of F,, i.e., Fy; = —F;; and expressions
(4.19)-(4.20) we can write

v o _ pH v M v _ 0 pv T v
Foi = EoDuEy —ERDuE g =5 Eg+ 41 By

= % |+ ) Dy (I = ") = (=) D, (" + ") |

= % [fﬁm (I"+n")+ fi@i (" =n")|. (4.24)
Thus,
1 A A R .
(=Pl =5 (i 7l )+ (= 7)) (4.25)

Now if we take the inner product of both sides of eq. (4.25) with the null vector m we
get

(Mm,Din) —(M,Dpl) =7—(-7) =0, (4.26)

which follows from the propagation equations (A.10) and (A.12) of the spin coefficients
of the Newman-Penrose formalism [34].

Likewise when we rewrite eq. (4.18) we get

N.DuN"; =N*.DuN"; = W, N, o= HY,;. (4.27)
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If we consider the non-vanishing component Hs; with the expressions (4.21)-(4.22)

we can write
v M v M v _ 12 A 3 v
Hss = NSDuN'3 =N DN = 10N + 055N
= —%@W+%ﬂ[¢@ﬂ—ﬁ0+%@W—ﬁ%[mmﬂ+%ﬁ
S N P e
= _Viplﬁ(m +n1)—ﬂzﬁ(m —nzﬂ.
(4.28)
Hence,
— 1 3 5 —v(,3 o5
(D’ — D) = —%[mv(h32§+zh22§)—mv(h32§—zh2%)]. (4.29)

Taking the inner product of both sides of eq. (4.29) with the null vectors | and n re-
spectively gives,

(1. D) — (1, D)
(n,Dmm) — (N, DFm)

p-p=0, (4.30)
(=) — (=) =0, (4.31)

which follow from the propagation equation (A.18).

Therefore we will state that for quasilocal energy calculations in our 2+2 approach,
the following three null gauge conditions must be satisfied,

T+7m1=0, p=p, U= M. (4.32)

It is easy to check that under a Type-lll Lorentz transformation of the complex null

tetrad, i.e.,
I - 42, (4.33)
n — %n, (4.34)
m — ”m, (4.35)
m > ¢ 2m, (4.36)

the gauge conditions (4.32) are preserved. This is because transformation of the spin
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coefficients 7, &, p, u under Type-Ill Lorentz transformation follows as [138]

2i6

r o o, (4.37)
T - €_2i0ﬂ', (4.38)
o — dap, (4.39)
oo (4.40)

in which a? and 26 respectively refer to the boost and spin parameters in Newman-
Penrose formalism. They are arbitrary real functions. Note that this transformation
corresponds to

u H u

B - y(E 5 —BE i), (4.41)
H H u

Bl - y(E' -BE"), (4.42)

where 4
-1 1
B=2 and  y= : (4.43)
a*+1 1-2

meaning that a Type-lll Lorentz transformation of the null tetrad corresponds to the
boosting of the timelike observers along E"i on T. This is the property we want to
preserve in the definition and the investigation of our quasilocal system.

4.3 Raychaudhuri equation with the Newman-Penrose
formalism

We use the relations (4.19)-(4.22) in order to rewrite the contracted Raychaudhuri
equation of our 2-dimensional timelike worldsheet, eq. (2.112), in the language of the
NP formalism. This will allow us to compare the results of the investigations of the
energy exchange mechanisms built on null cone variables and the notation that is
used in quasilocal energy calculations.

Note that eq. (2.112) is built on the extrinsic geometry of T and S. Those extrinsic
objects, like curvature, rotation and twist, are all measures of how much the dyad
vectors change when they are propagated along each other. Likewise in the NP
formalism, spin coefficients are defined via the changes of null vectors when they are
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propagated along each other with the relevant projections. A short summary of the
NP formalism and the detailed calculations of our formalism transformation can be
found in Appendices A and B respectively.

When the formalism transformation is applied, the contracted Raychaudhuri equation,
(2.112), of T can be conveniently written as

Vrd =-VsK - 72— K>+ Ry, (4.44)
where
V19 =06V, J i = [Da(p+p)—Di(u+m)] (4.45)

- [+ u+m++y)(p+p)]
+ 2[Ee-Du-p+G-Np-p)l,
Vs K :=n""6"VK,,; = Dm(x-7)+DgE-71) (4.46)
- |@-pe-)+(e-B)E@-1)
+ 2|@+B)r+D)+(a+B)@+1)).

9% = Dy d g% = 2(up+Ep+od+7A), (4.47)
Kz::KbciKadjnaanddij = 2(kv+Kkv+naT+7n7), (4.48)

Rap = 8R(E,,N)E,,N ™67 = Dn(p+p)=Di(u+)+Dm (1 —T) + D (T~ 7)
- |(e-B)E-D+@-p(x-7)
— [+ @+m+ G+ (+p)] -2 (kv +kv)
+ 2(pE+pu+ Ao+ 7). (4.49)

An alternative, more compact expression for X4 is

Ry = —2(V2+ip+4A). (4.50)

Now if we substitute the terms (4.45)-(4.50) back into eq. (4.44) we see that the Ray-
chaudhuri equation is not yet satisfied. This is simply because Capovilla and Guven
impose the integrability condition in their formalism to define the extrinsic objects® and
we did not impose it after our change of formalism. We must further impose the null
tetrad gauge conditions introduced in Section 4.2. Thus, witht+7=0,p=pandu=pu

5This can be seen by checking the symmetries of the extrinsic objects introduced at the previous
section.
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we get

VrJ = 2(Dnp—Dy)-2[(e+E)u+(y+¥)pl, (4.51)
VsK = 2(Dmr-Dg7)-2|@-p)r+(a-p)7l, (4.52)
9?2 = 4up+2(0'/1+5/_1), ( )
K2 = 2(kv+R0) +2(T+TT), (4.54)
Ry = 2[Dnp—Dip] +2[Dmn — D]
- 2|@-pyr+(a-B)7|-2[c+Bu+ (y+P)p]
= 2(kv+ V) +2(TT+77) +4pp +2 (oA +TA), (4.55)

and the alternative expression (4.50) is unchanged. These variables now satisfy the
Raychaudhuri equation as expected.

We further note that since the Einstein field equations have not yet been applied,
(4.51)-(4.55) are purely geometrical results irrespective of the underlying gravitational
theory that governs the dynamics of the quasilocal observers. In order to satisfy the
Einstein equations, all 16 of the field equations of the spin coefficients should be satis-
fied. However, we need to emphasise that this version of the contracted Raychaudhuri
equation contains all the information contained in two of the NP spin field equations.
Let us consider the following NP spin field equations

Dip—Dprn=up—(e+e)u+od+nr—(@—pL)n—kv+ip+2A, (4.56)
Dyp—D7= —ﬁp+(7+?)p—O'/I—T?—(Q—B)T+Kv—w2—2A. (4.57)

If we take (4.56) + (4.56)* — (4.57) — (4.57)*, where = denotes the complex conjugate,
then the result is the contracted Raychaudhuri equation of the worldsheet under our
gauge conditions. We will not attempt to restrict the general set of equations (4.51)-
(4.55) by further imposing the Einstein equations. Rather, we will apply it to space-
times that are already solutions of the Einstein field equations.

4.4 A work-energy relation

In this section we are going to define quasilocal charges by using the terms that
appear in the Raychaudhuri equation. Ultimately we will make definitions so as to end
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up with a work-energy relation that looks like the following

ETotal = EDilatational + ERotational + WTidal- (4-58)

In doing so, one of Kijowski’s quasilocal energy definitions will be our anchor. Let us

recall the two energy definitions made by Kijowski which are derived from a gravita-

tional action [25], ]

H? -k}
ko

1 _
Exo = ——SEdS[«/HLkO, (4.60)
8 S |

Previously, in Chapter 3, we identified eq. (4.59) as internal energy since it was as-

1

Exi = ——
Kl 167 S

(4.59)

-

sociated with the quasilocal energy of a system in equilibrium which can potentially
be used to do work, dissipate heat or exchange energy in other forms. The second
expression (4.60) is usually interpreted as the invariant mass energy of the system
that is an analogue of a proper mass of a particle [26]. Therefore if we are after an ex-
pression which represents the energy that can be exchanged by the system, square
of the mean extrinsic curvature, H?, should be our central object.

The quasilocal energy definitions Ex; and Ex; of Kijowski both have the functional
form (Hz)p with p =1 and p = 1/2 respectively. This is due to Kijowski applying a
Legendre transform on the boundary Hamiltonian with different boundary conditions
as mentioned in Chapter 2. However, this does not cause any problem in terms of
the dimensionality of the quasilocal energies as the so-called reference terms, which
make sure that the energy definitions are boost invariant, do not appear in the same
format.

In Chapter 3, we defined quasilocal thermodynamic potentials at equilibrium for spher-
ically symmetric spacetimes by using the terms that appear in the contracted Ray-
chaudhuri equation, (2.112), of T. We applied our formalism for metrics with boundary
conditions goo = 1, goa = 0 when the quasilocal observers are located at the apparent
horizon®. Therefore the quasilocal charges defined in [33] take the same form as Exk».
Note that this refers to a very special state of the system in question.

In the present chapter, we would like to define quasilocal charges for nonequilibrium

For the Schwarzschild case, this corresponds to quasilocal observers at event horizon in which
goo — 0 at the quasilocal thermodynamic equilibrium defined in Chapter 3.
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states and we would like to go beyond spherical symmetry. We will consider space-
times with an embedded S whose induced 2-metric components are time indepen-
dent, just as Kijowski did to define Ex;. In order to define the quasilocal charges
we will first multiply the contracted Raychaudhuri equation (4.44) by two’, and add
the reference energy term, ké, to each side. Since all of the terms that appear in
eq. (4.44) have dimension (length)~> on account of their relationship to the Riemann
tensor, to obtain a quasilocal energy expression we further divide by ko before integrat-
ing the equation on our closed 2-surface S. Then we obtain the following quasilocal

charges
1 —(Z?T]+k(2))
E = —— _ 4.61
Tot 1671' SdS ko 5 ( )
1 (277~ kg
Epi = — DdS , 4.62
Dil 161 < » kO ( 6 )
1 [2Vs K +2 K2
E = —— - - 4.63
= e pas| A (469
1 [ —2R 4y
o= 4.64
Wrid o SdS> T ] (4.64)
so that
Etot = Epil+Erot+ Wrid (4.65)
is satisfied.

In the following sections, we will discuss our reasons for these quasilocal charge
definitions. The reasons behind naming our quasilocal charges like energy associated
with dilatational or rotational degrees of freedom and work done by tidal fields of the
system will be explained.

4.4.1 Energy associated with dilatational degrees of freedom

In spherical symmetry, we were able to write 72 := JbikJaljn“béifé”‘ in terms of the

square of the mean extrinsic curvature, H2, of S via 292 = H>. Note that confining the
quasilocal observers to radial world lines in a spherically symmetric system results

"The reason behind this factor of 2 will be more clear in the following sections.
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in corresponding, purely radial, null congruences that are shear-free. Indeed, for the
generic case,

H? = Ty 687 = 2(0+5) (u+0), (4.66)
9 = Tl 66! = 2(up +Hp+ oA+ TA). (4.67)

Therefore with two of our null tetrad gauge conditions, p = p, u = u and the shear-free
case, o =0,

H? =29% = 4(up +fip+ A +TA) = 8up. (4.68)

This is natural for radially moving observers of spherically symmetric systems. How-
ever, it is not clear which of the terms in (4.66) and (4.67) carries more information
about the generic system in question.

According to the Goldberg-Sachs theorem, there exists a shear-free null congruence,
k*, for a vacuum spacetime if [12]

kiuCoiaplykork kP = 0 (4.69)

is satisfied. This means that if we wish to have the shear-free property, we need
to pick a principal null tetrad for our systems in vacuum. However, there is no such
a priori necessity for our formalism to hold.

In [139], Adamo et al. investigate the shear free null geodesics of asymptotically flat
spacetimes in detail. They note that the shear-free or asymptotically shear-free null
congruences may provide information about the asymptotic center of mass or intrinsic
magnetic dipole in certain cases. Also the importance of the twistor theory, which is
solely constructed on shear-free null congruences, cannot be denied. At this point, we
should also emphasise that the spacetimes we are interested in are not necessarily
asymptotically flat.

In [140], Ellis investigated shear-free timelike and null congruences. He concluded
that by imposing a shear-free condition on the null congruences, one puts a restriction
on the way the distant matter can influence the local gravitational field. In that case,
there is an information loss. Note that shear is also the central concept of Bondi’s
mass loss formulation. It is only if the null congruence has shear, that one can define
a news function which is solely responsible for the mass loss via gravitational radiation
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at null infinity [14]. Ellis also emphasised the fact that, a nonrotating null congruence in
vacuum cannot shear without expanding or contracting. Thus we cannot completely
separate the effects of dilatation and shear for null congruences. We will combine
them in the quasilocal charge constructed from the 72 term, (4.53), and write

Epi = —— (QdS
Pl 16r Js° | ko

1 >8,up+4(0'/l+571)—k8}

a2 12
1 29 —kol

—— OdS
167 J§ ko

(4.70)

Since we claim that the Raychaudhuri equation of the worldsheet incorporates the
physically meaningful quasilocal energy densities, one might ask what is the direct
connection of our 72 term (4.67) to the boundary Hamiltonian which is generically
written in terms of the mean extrinsic curvature H, (4.66). The link lies in the Gauss
equation of the 2-surface S when it is embedded directly into spacetime [141], i.e.,

8RN NON j,Ni) = Rijua = T g T it + Ty Ty (4.71)

where ;i is the Riemann tensor associated with the 2-dimensional metric induced
on S. If we contract eq. (4.71) with 6*6/' we find

9> = H* - Rg+2 (¥, + ¥, - 2A - 20y, (4.72)

in which Rs := R;;6™*6/! is the scalar intrinsic curvature of S and the derivation of
g(R(Ni, N)N',N*) = =2 (‘I’2 +‘P_2—2A—2<I>11) can be found in Appendix C. Equation
(4.72) not only allows us to connect our 72 term to the boundary Hamiltonian of gen-
eral relativity, but it can also be used to relate different quasilocal energy definitions
which are built on either the extrinsic or intrinsic curvature of S.

4.4.2 Energy associated with rotational degrees of freedom

In the previous subsection we defined the quasilocal energy associated with the di-
latational degrees of freedom by combining the real divergence and the possibly ex-
isting shear of the null congruence which is constructed from the timelike dyad that
spans the timelike surface T. Now we will distinguish which spin coefficients are most
significant in defining the energy associated with the rotational degrees of freedom.
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Recall that by imposing the integrability conditions on our local dyad we made sure
that the tangent vectors of the spacelike surface S always stay within the surface.
Later, we transformed our construction into the NP formalism and stated that these
conditions imply that the null vectors {m, m}, constructed from the spacelike dyad of S,
should satisfy certain null gauge conditions throughout the evolution of the quasilocal
system. Then, under such gauge conditions, the magnitude of the change of these
null vectors should be related to how much the quasilocal system rotates. Note that
this interpretation makes sense only when one forces the spacelike dyad, constructed
from {m,m}, to stay on S throughout the evolution.

Now let us define the spacetime covariant derivative via the directional covariant
derivatives of the null tetrad and write

Dy = =1,,Dn = ny,Dy + my Dz + 11, Dpy. (4.73)
Then the change in components of {m, m} follow as

Dym* = — (I, Dam) —(n,Dim) + (M, Dizym) + (M, Dyym),

Dﬂﬁﬂ = - <I’Dnﬁ> - <n9D|ﬁ> + <m’Dﬁﬁ> + (ﬁ,Dmﬁ> s
By using equations (A.15)-(A.18) we get

Dym' =F7-1)+(B-),

D,m" = (71—?)+(B—a).

Therefore, the spin coefficients {r, 7, @, B}, their complex conjugates and their
changes when one perturbs them on S can be used to define the energy associ-
ated with the rotational degrees of freedom. Since the terms VsX, (4.52), and X2,
(4.54), involve these spin coefficients and their changes we define

1 2Vs K +2K2
E = —QQdS|——
Rot 167 J§ [ ko
1 4[Dm7r—DmT—7r(§—ﬁ)—ﬁ(a—B)+m—r+ﬁ—Kv—W]
= —— (4.74)
167 S ko

Note that the term (xv +kv) vanishes if one picks the null vector | or n, constructed
from the timelike dyad that spans T, to be a geodesic, i.e., k =0 or v =0. In that
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case ERrq can be written purely in terms of the spin coefficients {x, 7, @, 8}. However,
there is no geometric or physical reason for us to demand our null congruences to be
geodesic, and we will not impose the geodesic condition for the time being.

4.4.3 Work done by tidal distortions

If we want to understand the properties of a system via its energy exchange mech-
anisms we need to account for the different types of associated energies, especially
in the nonequilibrium case. One needs to be careful about what is actually measured
by the quasilocal observers. What is physical for any one observer is the tidal ac-
celeration as measured by that observer’s local ruler and clock. The work done by
tidal distortions of the whole system, however, requires the quasilocal observers to be
placed in such a geometric configuration that the observers all agree on the fact that
they are measuring the properties of the same system. In the previous sections, we
stated that this is guaranteed by our integrability conditions.

In [142], Hartle investigates the changes in the shape of an instantaneous horizon
of a rotating black hole through the intrinsic scalar curvature, Rs, of a spacelike 2-
surface when it is embedded into a 4-dimensional spacetime. He chooses a null tetrad
gauge so that Rs can be written in terms of a simple combination of ¥, and the spin
coefficients in vacuum. In the end, he finds Rs =4Re (¥, + pu — Ao). In [16], Hayward
provides a quasilocal version of the Bondi-Sachs mass via the Hawking mass [79],
in which the central object is again the complex intrinsic scalar curvature given by
'R§H =-Y+00" —pp’+ ;1 +11, in the formalism of weighted spin coefficients.

We Dbelieve that the X, term that appears in eq. (4.55) has a more fundamental
meaning than Kg in terms of the tidal distortion. Recall that in Chapter 3, we defined
a relative work density term, that mimics W = F - # by

dr?

d*& Y voper

( )fu =R, ,cuE7E), (4.75)
by considering the geodesic deviation equation. We noted that, in the 3+1 pic-
ture, connecting the two worldlines is essentially nonlocal. The reason for apply-
ing the geodesic deviation equation only for neighbouring worldlines is due to the
fact that the observers are trying to approximate the value of a quantity, which is
essentially quasilocal, locally. Therefore the quantity (4.75) in the 2+2 picture, i.e.,
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Ry = g(R(Eb,Nl.)Ea,Nj)n“”cSU = —Z(wz +, +4A), should have a more fundamental
importance, as it is an intrinsically quasilocal quantity. Therefore by eq. (4.50)

1 -2
i |
1 dS{4(w2+$2+4A)

167 S k()

Wrid

. (4.76)

Note that the quasilocal tidal work of the system is written purely in terms of the
Coulomb-like Weyl curvature scalar, ¥,, and the Ricci scalar of the spacetime due to
A =R/24. This interpretation does not contradict our intuition, since one would expect
the quasilocal observers to measure greater magnitude of tidal distortion under higher
Coulomb-like attraction and a higher Ricci curvature.

4.4.4 Total energy

In Chapter 3 we associated the \/ﬁ term with the Helmholtz free energy density for
spherically symmetric systems in equilibrium. Likewise /2|V1.J| was interpreted as
the Gibbs free energy density of the system that includes the energy that is sponta-
neously exchanged with the surroundings to relax the system into its current state.
However, in the present chapter, we do not attempt to give a thermodynamic inter-
pretation to the Raychaudhuri equation of Capovilla and Guven since systems far
from equilibrium cannot be assigned unique thermodynamic relations even in classi-
cal thermodynamics [75]. Therefore, by using the term V1.9, (4.51), the total energy
is represented by

£ 1 S [ — (26']1‘j + k(z))
Tot = ~ex e
[—(4[Dnp— D] —4[(e+8)u+(y+¥)p] + k2
_ 1 fLs (410n 0). (4.77)
167 Jo ko

Here the total energy combines two types of terms: (i) the quasilocal energy the
system possesses, (ii) the energy that is expended by the ‘internal’(tidal) forces to
bring the quasilocal observers in a geometric configuration to define S. The first piece
further splits into the energy associated with dilatational and rotational degrees of
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freedom. The second piece can be viewed as the energy that has already been
expended by the system in order for it to create ‘room’ for itself.

4.4.5 On the boost invariance of the quasilocal charges

Previously, in Section 4.2, it was shown that our tetrad conditions, (4.32), are invariant
under Type-lll Lorentz transformations which correspond to the boosting of physical
observers in the only spacelike direction, E“i, defined on T. We also stated that for
a well defined construction, one would expect the matter plus gravitational energy of
the system to be boost invariant.

In Appendix C.2 we show that all of the terms, (4.51)-(4.55), that appear in the con-
tracted Raychaudhuri equation are invariant under such spin-boost transformations.
Therefore all of the quasilocal charges we defined in the current section are invariant
under the boosting of the observers along the spacelike direction orthogonal to S.

4.5 Applications

4.5.1 Radiating Vaidya spacetime

The Vaidya spacetime is used in investigations of radiating stars. It is associated with
a spherically symmetric metric which reduces to the Schwarzschild metric when the
mass function of the body is taken to be a constant. In standard coordinates with null
coordinate, u, Vaidya metric is

2M
ds? = — (1 _ ﬂ) du? = 2dudr + r*de” + r* sin” 0d¢>. (4.78)
r
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Let us pick the following complex null tetrad, {I,n,m,m}, with

1 M
Moo= au—(—— (”))a,, (4.79)
2 r
o= 8, (4.80)
1 (1 i
R ¥ 3. 4.81
" \/j(r ot sing ¢) (4.81)

For such a complex null tetrad, «, v, o, 4, 7, 7 all vanish so that 7+7 =0 is trivially
satisfied. Also p = p, u = u as expected. Therefore all of our integrability conditions are
satisfied. When we evaluate the spin coefficients, their relevant directional derivatives
and the curvature scalars, then substitute them in eq. (4.44) we get

-2 8Mu)

Vil = —+——, (4.82)
r r
VsX = 0, (4.83)
92 = %_w, (4.84)
r r
x> = 0, (4.85)
AM
Ry = r3(”). (4.86)

Here we immediately notice that the terms that have been associated with the rota-
tional degrees of freedom, i.e., VsX and X2, are zero. This is expected since Vaidya
is a spherically symmetric spacetime.

In order to calculate our quasilocal charges we need to first find the so-called refer-
ence curvature ko. This requires the isometric embedding of the u = constant, r =
constant surface to the M*“, Minkowski spacetime, which is considered in the spheri-
cal coordinates {7,6,$}. For Vaidya, by setting {7 = r,6 = 6, % = ¢} we see that the metric
induced on S is trivially isometric to that of the 2-surface embedded in M*. Then kg
is given by the scalar curvature of a 2-sphere, i.e., ko =2/F =2/r. From egs. (4.70),
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Figure 4.1: Our quasilocal charges give Ex; = Epyi = Wrig and Egree = 0 for each u value.
Charges are given in units of My and the time parameter is in units of My/(ac)
where the speed of light, ¢, is 1 throughout the thesis.

(4.74), (4.76) and (4.77) we then have

Wrid

ERot

-2

2

7

=2 + SM(u)

3

)+ ]

=2M(u),

(4.87)

(4.88)

(4.89)

(4.90)

Note that we chose a null tetrad in order to satisfy our gauge conditions which turned
out to be shear-free. Therefore H? =242 holds in this case and thus Ep; = Ex;. Also,
the spacetime Ricci scalar, 24A, vanishes. Therefore Ry = -2 (‘112 +@2) = —4¥, and
the R, term is solely determined by the Coulomb-like gravitational potential.

To visualize a simple evolution, consider the mass function M(u) = My —au, where a is

a positive constant. These kind of linear mass functions have been used to investigate
the black hole evaporation previously in the literature (cf. [143], [144], [145]). With this
choice of mass function, at u = 0 we have the case of a Schwarzschild black hole (See

Fig. 4.1a.) which, given enough time, eventually evaporates so that the spacetime
becomes Minkowski (See Fig. 4.1b.). The quasilocal charges fall off linearly with the
time parameter u (See Fig 4.1c.).
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Now let us consider the V4Ep; = Vi (Ex) = E“Gaﬂ (Ex1). Following relation (4.19) and
with the choices we have made here for | and n,

1 1 M(u))a] I oM 491

v()EDﬂ = % [au + (E + M(M) = % (91,{

According to the Einstein field equations, —r%aﬂgfl”)

sity of the null dust. This shows that the dilatational energy of the system which could

= 8np, where p is the energy den-

potentially be lost by work, heat or other forms is lost purely due to radiation, for the
case of the Vaidya spacetime.

4.5.2 The C-metric

For our second application we want to consider a nonspherically symmetric space-
time. The C-metric is not spherically symmetric and it has many interpretations de-
pending on its coordinate representation. We will consider the coordinate represen-
tation which was introduced by Hong and Teo [146],

1 dy*>  dx?
ds? = ——— (—F( )dtr? + — + —— + G(x)d 2), 4.92
e\ O TR TG T (4.92)
where G(x) := (1-x?)(1+2AMx) and F(y) := —(1-y?)(1-2AMy). Griffiths et al.
[147] transformed this cylindrical form of the metric into spherical coordinates by ap-
plying the coordinate transformation {r = At,x = cosf,y = 1/(Ar)} and gave physical
interpretations to the C-metric. The transformed metric is written as [147]

ds?

1 drr  r?de?
- e 00
+ ArCcoS

2.2 2
o PO + P(60)r~ sin” 6d¢ ), (4.93)

where Q(r) := (1 —2M)(1-A%?) and P(9) := 1 +2AM cos with A and M being con-
stants. Note that at » = 2M and at r = 1/A the metric has coordinate singularities and
one needs to satisfy the A>M? < 1/27 condition in order to preserve the metric signa-
ture. Furthermore, eq. (4.93) reduces to the metric of the Schwarzschild black hole
in standard curvature coordinates when one sets A = 0. Because of this, following
Griffiths et al. [147], we will interpret the C-metric as the metric of an accelerated
black hole. At this point we note that the C-metric is sometimes interpreted as a met-
ric representing two causally disconnected black holes that are joined by a strut and
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accelerating away from each other [148, 149, 150]. However, this interpretation is

valid only when the metric is extended across each horizon, i.e., r=2M and r=1/A

[147]. For the application of our quasilocal construction we will not consider such an

extension of the metric, and the resulting quasilocal charges will correspond to the

charges of a single accelerated black hole.

Let us consider the following null tetrad that is generated by the double dyad of the

quasilocal observers,

l/J

n/'l

mﬂ

AQNY?4,,

A ]1/2 1 [
on| T vz
Vi]l/za + L iaom'a
Q(I’) t \/E rs

sl- %l 5l-

'AP(@)]”Za i [ A }”2 ¢

+
r? V2sin@ | r2P(6)

where A := (1 +Arcos6)?. For such a null tetrad, our integrability conditions {r+7 =

0,0 = p,u = u} hold. The only vanishing spin coefficients are «, v, 1 and o, meaning

that our null congruences, constructed from the timelike dyads residing on the 2-

surface T, are composed of geodesics which are shear-free. As noted earlier this

last property is not a necessary condition in our formalism. With the remaining non-

vanishing spin coefficients and the variables of the contracted Raychaudhuri equation

given in (4.51)-(4.55) we get

-
20(r)

2
j = r2 2

K> = 2A%P(6)sin’6,

R

1 3
4M(— +Acos@) .
r

Vri = %3 |P©)(6r—24%r) - 4Acos6r* + 8(M - 1),

(4.94)

2A
VsK = [ZAMcos2 0(2AcosOr+3)+cos@(AcosOr+2)+A(r— 2M)] , (4.95)

(4.96)
(4.97)

(4.98)

In order to calculate the quasilocal charges we must first calculate the reference en-

ergy density, ky. We isometrically embed S into M*, by setting

rdo*
AP(6)
P(6)r2 sin® 0dp*

7 sin” Bdg>.

A

88

(4.99)

(4.100)
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and demand that the observers measure the same solid angle in both coordinate
systems. This is satisfied by choosing 7 = rA™"/? and then ko = 2/7. Here we
should note that for a generic C-metric the angular coordinates are defined within
{0 <8 <nm—Cn<¢<Cr} where C is the remaining parameter, other than A and M,
that parametrizes the spacetime. It is closely related to the ‘deficit/excess angle’ that
tells us how much S deviates from the spherical symmetry. For example, repeating
Griffiths et al.’s discussion,

limg_,g ZEOSE — 27 C (1 +2AM)

circumference (4.101)
radius

limg_,r ZLOSNE — 27C (1 -2AM)

shows us that setting C = 1, as we choose to do here, will introduce excess and
deficit angles on the spacelike surface S due to the conical singularities that are intro-
duced. This, and our choices for coordinate functions of M* will guarantee that the
solid angle is the same for the quasilocal observers of the physical and the reference
spacetime.

We obtain the quasilocal charges by substituting the quasilocal charge densities, in
egs. (4.94)-(4.98), into the definitions (4.61)-(4.64) and numerically integrating them.
The results are presented in Fig. 4.2 for a specific choice of A = 1/( V28M) to perform
the numerical integration.

|_ETot__EDil”“E - de|

Figure 4.2: Quasilocal charges of the C-metric which is parametrized with A = m Those

quasilocal charges are meaningful only in the region 2M < r < V28M ~ 5.29M
due to the coordinate singularities.
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From Fig. 4.2 we immediately recognise that Ex| = Ep; decreases as the size of the
system increases. For the case of Schwarzschild, i.e., A = 0, we expect this curve to
be flat, as in Fig. 4.1a. For lower values of acceleration, Ep; gets flatter as expected.
This shows that in order for the black hole to be accelerated more, more energy should
be input to the system by an external agent. In other words, the potential work that
can be done by the system is lower. Note that after a certain size of the system,
Epij) and Ety take negative values. It may seem counter-intuitive that quasilocal ob-
servers could measure a ‘negative energy’. To better understand this result, consider
the metric (4.93) and define g, = —(Q(r)/A) = —[1 +2®(r,0)] where ®(r,0) plays the
role of the ‘gravitational potential’. In Fig. 4.3 we plot ®(r,6) for observers located at
different polar angles. We observe that for none of the observers, except the ones

Figure 4.3: Radial behaviour of the gravitational potential of the C-metric, which is

parametrized with A = m plotted for observers located at different polar an-

gles. Those potentials are meaningful only in the region 2M < r < V28M ~
5.29M due to the coordinate singularities.

located at 6 = &, ®(r,6) is monotonic. Moreover, for observers located at 8 > 0.75x the
gravitational potential changes sign after a certain radial distance. This shows that the
effect of the external agent on the system is repulsive. Then the positive total energy
Epi1 + Wriq, which corresponds to a system that has an otherwise attractive nature,
cannot overcome the repulsive effect of the external agent which causes the black
hole to accelerate. The Ety = 0 point can be viewed as the minimum energy state of
the system, below which it cannot exist without the energy exchange provided by an
external agent.

Also recall that the C-metric is interpreted as two black holes which are accelerated



4.5 Applications
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Figure 4.4: Acceleration parameter dependence of ®(r,const.). For each acceleration pa-
rameter A*, we consider only the region 2M < r < 1/A*.

away from each other. This is a signature of the repulsive behaviour we observe
here. Note that here we are investigating one of the most extreme cases for an accel-
erated black hole, since as for acceleration parameters greater than 1/(@M) the
metric changes signature. Therefore the change in the behaviour of the gravitational
potential, and hence a change in the sign of the total energy of the system is not un-
expected. We do not observe such behaviour for the Schwarzschild geometry as the
gravitational potential is monotonic with constant sign for a static black hole. In order
to investigate how the acceleration parameter, A, affects the behaviour of the gravi-
tational potential, see Fig 4.4. We plot ®(r,6) for observers located at 6 = x, 6 = /2
and 8 = 0 respectively in figures 4.4a, 4.4b and 4.4c. For each case, we investigate
the effect of the acceleration parameter, A. We observe that only for A = 0 case does
the gravitational potential not change behaviour. For a more detailed investigation of
the behaviour of the gravitational potential of a C-metric, depending on the observer
position and on the acceleration parameter, one can see [151].

In order to understand what this means for the acceleration vector of an observer
of the quasilocal system, let us set the 4-velocity of the observer to be v = E’“‘O =
%(lf‘ +n*). Then the acceleration vector is obtained by a* = DEOE’“‘G = a,0, + agdy
with

1
a, = ——2[A3r4c059(AMc050+1)+A2r2c0520(r—3M)+A2r2(r—2M)
I
+Arcos(r—4M) - M), (4.102)
Asind
ap = S;“ PO)AV2, (4.103)

As it can be seen from Fig. 4.5 the sign of the radial component of the acceleration
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Figure 4.5: Radial and tangential dependence of the components of the acceleration vector.
a, is given on the left and ay is given on the right.

vector changes depending on the radial and angular position. In Fig. 4.6 we plot the
| pr)

0.2

-0.2

~0.44

-0.6-
- - ar(r, 0.75 ) al_(r,n)
~+a,(r,0251) ——a,(r,05m)

a,(r,0)

Figure 4.6: Radial behaviour of a, for observers at different polar angles. We consider the
acceleration vector only in the region 2M < r < V28M ~ 5.29M.

radial dependence of the radial component, «,, for different observer positions. We
observe that for all observers, except the one located at 6 = &, the direction of the
radial acceleration flips. This is due to the change in the behaviour of the gravitational
potential and explains why Ep; takes negative values after a critical point.

The reason that Ep;j and Ety diverge at r = \V28M, in Fig. 4.2, results from this point
being the second coordinate singularity of our C-metric, as we chose A = 1/( V28M)
and the coordinate singularities occur at {r = 2M,r = 1/A}. This result is expected
since after this point, the nature of the spacetime geometry is different.

We also recognise that the system does not possess any energy which can be at-
tributed to rotational degrees of freedom. This is not immediately obvious since the
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densities (4.95) and (4.97) which appear in definition (4.74) are nonzero. However,
what is physical for the quasilocal observers are the quasilocal charges, not the
quasilocal densities. Having zero energy associated with the rotational degrees of
freedom is expected since the black hole in question is nonrotating.

Finally we observe that the work that has already been done by the tidal fields, Wriq,
is positive for all system sizes and takes the same value as in the case of a static
black hole. This means that although the individual observers could measure tidal
squeezing and tidal stretching depending on their position, the overall effect on the
system corresponds to a positive quasilocal charge.

4.5.3 Lanczos-van Stockum dust

For our next application we would like to consider a rotating spacetime. For this,
we pick one of the simplest exact solutions of Einstein equations: a rigidly rotating
dust cylinder. This solution was first found by Lanczos [152], later rediscovered and
matched to a vacuum exterior by van Stockum [153]. Its physicality and mathematical
aspects have been investigated intensively in the literature [154, 155, 156, 157, 158,
159, 160, 161]. Also lately, rotating dust metrics have been used to model galaxies
in attempts to understand the general relativistic effects on the galaxy rotation curves
[162, 163, 164].

The original derivation of van Stockum does not end up with an asymptotically flat
spacetime. The energy density of the dust, g, increases exponentially with increasing
cylindrical radial coordinate, x, and it is given by p = wzewzxz/(zm. This is not realistic.
Later investigations in the literature, naturally focus on creating more realistic models
which are asymptotically flat. In such cases, components of the line element are given
by series solutions [157, 162, 163, 160].

For our application in the current section, we want to focus on finding the quasilocal
energy of the spacetime that is associated with the rotational degrees of freedom. We
need to find an orthonormal dyad that satisfies the integrability conditions and this
already is not an easy task for axially symmetric stationary spacetimes.2 Therefore
we will consider the simplest interior solution given by van Stockum which has a line

8We discuss this in more detail in the next section.
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element
ds? = —d + AP + eV A2 + (2 - Pat)dg? + 2wxPdrdp,  (4.104)

where w is a constant that is associated with the angular velocity of the dust at x =
0 with respect to ‘distant stars’. Other than the singularity at x = 0, the spacetime
becomes singular at x = 1/w for the metric in (4.104). Note that the g44 component
of the metric changes sign when x > 1/w. This introduces closed timelike curves into
the spacetime that are not physical. Therefore we will consider systems within the
0<x<1/wrange.

It is possible to transform the metric into spherical coordinates at this point and search
for a double dyad which satisfy our gauge conditions (4.32) °. Eventually we would like
to calculate our quasilocal charges. However, if we apply such a transformation, we
lose the information about the actual symmetries of the system. Therefore, let us first
consider a null tetrad in cylindrical coordinates which satisfies our gauge conditions,
(4.32),

17 )
ro= —Ja +ewx/20x], (4.105)
’\/§> t
LT
= @ 6,—6”2x2/28x],
i 1 2.2
m' = — wxé?,+—(9¢—ie‘”x/262 .
V21 x ‘

For such a tetrad {7 = 0,7 = 0} so that the condition 7+ 7 = 0 is trivially satisfied. Also
{1 =pu,p =p} holds. Now we can perform a coordinate transformation by {x =rcos@,z =
rsin@} to both the metric (4.104) and the tetrad (4.105). We then find

ds? = —di? +& 70 (47 1+ 2d6R) + 2 sin? 0(1 - w2 sin? 6) dg? + 201 sin Odd,

9The reason for choosing spherical coordinates is that it simplifies the process of defining a smooth,
closed, spacelike 2-surface in order to integrate the quasilocal densities. Without the existence of
such a closed surface, quasilocal energies are not defined. This is closely related to the Stokes’
Theorem which comes up in the derivation of the non-vanishing boundary Hamiltonian from an
action principle of general relativity in a covariant formulation.
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and
u 1 w*r? sin 9/2 COSG w 2 sin 9/2
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For this null tetrad, after calculating the spin coefficients and by following (4.51)-(4.55),
we find the following variables that appear in the contracted Raychaudhuri equation,

2.2
W rsin 0/2( 0)48111 9+1)

Vrg = : (4.107)
r2sin% 0
VsX = 0, (4.108)
, _ew2r2 sin?6/2 <r4w4 sinto+ 1)
7= r2sin% 0 ’ (4-109)
KZ — _26()2e¢u2r2 sin29/2, (4.1 1 0)
Ryp = —2wie’rsin’0/2 (4.111)

In order to determine the reference energy density we isometrically embed S in M*
by setting

eSO 2 002 = 22, (4.112)

(1-w’r?sin®6)sin*0dg” = 7 sin’ Bd@p>. (4.113)

and once again demand that the observers measure the same solid angle in both
. 1/4
spacetimes. Then 7 = re=""’ Slr12"/4(1 — w*r?sin? 9) * and ko =2/7.

From relations (4.107) and (4.109) we recognize that the corresponding quasilocal

charge densities are singular at 6 = 0 and 8 = n. Therefore, for this specific example,
we need to take improper integrals to obtain our quasilocal charges, i.e.,

0—n+e (2% J+k2)
Ero = lim|——o R
T = 0| " Tex f fg ko

E li " " Uz_k‘% 4.115
Dﬂ—ﬁ%ﬁaﬁﬁﬁ el @119)

Then we observe that E1, — —c0 and Ep;; — —oo for all values of r.

], (4.114)
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Let us try to understand what this result means. Previously, for asymptotically flat
versions of the rotating dust, it has been argued by Bonnor that there has to be an
infinitely large negative mass associated with the singularity, x = 0, in order to cancel
the effect of positive energy associated with the dust [154]. Later in [158] he argued
that one can add an infinitely large negative mass layer into the spacetime to observe
the same effect. Furthermore Bratek et al. [160] discussed the same issue and
concluded that singularities of the asymptotically flat rotating dust are associated with
the ‘additional weird stresses’ of the negative active mass.

Here our spacetime is not asymptotically flat. However, we observe a similar be-
haviour. Note that in our solution the energy density of the dust increases with in-
creasing x. In such a case one would expect the system to get ever closer to a
collapsed state as its size increases. Zingg et al. [159] and Gurlebeck [161] have
argued that such a collapse is in fact expected for a Newtonian dust cylinder. We end
up with a similar interpretation which agrees with their arguments. In our work, the
infinitely large negative quasilocal dilatational mass-energy must be attributed to the
work done by external fields that are required to exist outside our system to prevent
the system from collapsing.

Now let us calculate the quasilocal charges associated with the rotational degrees
of freedom and the tidal fields. Once we integrate the quasilocal charge densities
defined via equations (4.108), (4.110), (4.111) and ky we get the charges plotted
in Fig. 4.7a. Note that we picked w = 1/10 and therefore the radial coordinate r =
Vx2+Z2 is in the 0 < r < 10 range in order not to have closed timelike curves. We
numerically integrate eq. (4.74) and eq. (4.76) to obtain Er and Wryq. From Fig. 4.7a
we observe that the Wryq is everywhere negative, corresponding to tidal stretching of
the surface on which the quasilocal observers are located. As the size of the system
increases, so does the energy density of dust according to p = wze“’z"z/@n). This
requires greater negative work done by the tidal field. The magnitude of Wryq is exactly
equal to the energy associated with the rotational degrees of freedom as shown in
Fig. 4.7a. We note that the observers who determine the quasilocal quantities are
timelike geodesic observers, i.e., with acceleration a = DEOE“O = 0 and furthermore
they are comoving with the dust. In other words, the orbital angular velocity of the
observers is zero with respect to the given coordinate system. In such a case one
might expect to get zero energy associated with the rotational degrees of freedom of
the system. However, for this set of observers, the vorticity of the timelike geodesics
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Figure 4.7: Charges are in length units which can be written as a function of individual
mass of the dust particles, m, and the total number density, n. In our spherically
symmetric coordinate system singularity is at {r = 1/w, 6 = n/2} with w = 1/10
for our numerical application.
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where n’*mﬂ is the Levi-Civita tensor, g, is the spacetime metric and we set the ob-
server 4-velocity ut = E"O = 0;. This shows that every dust particle swirls around its
own axis. Recall that vorticity is a measure of global rotation of a spacetime. Also
previously it was shown by Chrobok et al. [165] that the rotation of the local mat-
ter elements, i.e. spin, can be directly linked to the global rotation of the spacetime,
i.e. vorticity. Therefore even though the system we investigate here is defined by the
set of observers with zero orbital angular velocity we can still calculate the energy
associated with the rotational degrees of freedom of the system.

As the size of the system reaches 1/w, the density of the dust reaches its maximum
possible value. Accordingly, one might expect Ero,c and Wryq to diverge to +co and
—oo respectively at the singularity point 1/w. The peaks we observe in Ero and Wrig
curves of Fig. 4.7a is purely due to the distorted 2-surface area on which we are
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integrating our quasilocal densities. Fig. 4.7b depicts the area element of S. We
observe that at {r = 1/w, 6§ = n/2} area element becomes zero. This causes S to have
a distorted shape on the overall. As w — 0 and the surface becomes less distorted,
ERrot and Wryq diverge to +o0 and —oo respectively as one expects.

4.6 The challenge of stationary, axially symmetric
spacetimes

After considering those somewhat unrealistic scenarios one might wonder whether
we can apply our formalism to more realistic cases. For example, can we calculate
the quasilocal charges of a rotating black hole? The short answer is: yes, we can.
However it poses an immense technical challenge.

Recall that we need to satisfy three null tetrad conditions, namely, {p = p,u = g, 7+
7 =0}. It is known that in general, the divergence of a null congruence around the
vector I, can be written as the linear combination of the expansion and the twist of
the congruence, i.e., p = ® +iw. This means that we need to have nontwisting null
congruences for our formalism to hold.

Let us consider the case of the Kerr spacetime [166]. The circular orbits are the mostly
studied worldlines of Kerr because the trajectories follow the Killing vector fields and
this simplifies the investigations considerably. Note that in this case, the Killing vectors
d, and d4 have nonzero twist. Moreover, the Kerr metric can be obtained by taking the
r coordinate of Schwarzschild to r +iacos6 [167], where a is the dimensionless an-
gular momentum parameter. This automatically means that for a principal null tetrad
of a static black hole, by transforming the real divergence, p = —1/r into a complex
divergence p = —1/(r + iacos#), we obtain a rotating black hole.’® Our problem here
is that investigations of a rotating black hole are done mostly using the principal null
directions of the spacetime. We should also mention that there are other transverse
tetrads such as the quasi-Kinnersely tetrad, which is a powerful tool for exploring Kerr
[119]. However, once we focus on such null geodesics, that aid in the construction
of a principal or transverse tetrad, then we have no hope of finding null congruences
with a real divergence.

10See [168] for a recent review.
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On the other hand, twist-free — i.e., surface forming — null congruences exist in all
Lorentzian spacetimes [139]. It is just that we do not require them to be geodesic.
Brink et al. [169] have given a detailed investigation of axisymmetric spacetimes, fo-
cusing on the twist-free Killing vectors of the stationary axially symmetric spacetimes.
We note that there are very few studies in the literature that investigate such a prop-
erty. Bilge has found an exact twist-free solution whose principal null directions are
not geodesic [170]. It was also shown by Bilge and Girses that those spacetimes are
not asymptotically flat and include generalised Kerr-Schild metrics [171]. Gergely and
Perjés later concluded that those solutions are actually homogeneous and anisotropic
Kasner solutions [172] and thus they are not physical. Therefore Brink et al. conclude
that “Future studies which aim to extract physical information about isolated dynami-
cal, axisymmetric spacetimes will have to focus on general spacetimes, where none
of the principal null directions are geodesics, and which do not fall within Bilge’s class
of metrics."

In our case we are looking for a null congruence, constructed from the timelike dyad
that resides on T, which does not even have to be aligned with the principal null
directions. It is not necessarily composed of geodesics and it is not required to be
composed solely of Killing vectors. All we want from our null tetrad is for it to satisfy
the three integrability conditions. To the best of our knowledge, for the case of Kerr,
none of the null tetrads introduced in the literature satisfies those conditions.

In order to find such a desired tetrad for the case of Kerr, one might consider the trans-
formations of the quasi-Kinnersely tetrad, for example, by applying two successive
Lorentz transformations to the null tetrad. First, apply a Type-Il Lorentz transformation
around n with parameter A = a +ib and then a Type-| Lorentz transformation around |
with parameter B = ¢ +id where {a, b, c, d} are all real. Then for the twice transformed
spin coefficients we need to satisfy {p”” =p”",u” =u”,n"”" +7" = 0,7 + 7" = 0} where
’” denotes the fact that the spin coefficients are transformed twice. After such a pro-
cedure we end up with four complex, highly coupled, non-linear first order differential
equations. The unknowns appear in the transformed tetrad condition equations with
a polynomial order that goes up to order five. This system of equations cannot be
solved by any iterative method that we are aware of.

Therefore, we observe that our formalism should, in principle, be applicable for more

realistic generic spacetimes than the ones we have presented here. However, the less
symmetry the system possesses, the more mathematically challenging it becomes to
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find a null tetrad which satisfies our integrability conditions. Arbitrary nontwisting null
congruences of twisting spacetimes are the key to resolving this issue.

The discussion we presented in Section 4.2 should now be more clear for the reader.
In the case of gravitational wave detection, one’s ultimate aim is to extract information
about the properties of the astrophysical objects that are the sources of radiation.
Those properties, such as mass-energy and angular momentum are at best defined
quasilocally in general relativity. Therefore the local tetrads of observers should be
chosen in such a manner that the quasilocal properties of the system can be well
defined throughout the evolution. In [119], Zhang et al. showed that the wave fronts
of passing gravitational radiation are aligned with the quasi-Kinnersley tetrad. This
means that the observers can measure the gravitational radiation locally. However,
since quasi-Kinnersley tetrad does not satisfy the integrability conditions of S and
T, the quasilocal charges corresponding to the quasi-Kinnersley tetrad are not well
defined. Therefore we conclude that even though one can measure the gravitational
radiation locally, there is not always a guarantee that one can extract the properties of
its source consistently.

4.7 Discussion

The energy and energy flux definitions that are made locally, globally or quasilocally,
are sometimes compared and contrasted without questioning for which system those
definitions are made. Actually, there exist well defined quasilocal energy definitions
that can be directly linked to the action principle of general relativity. What is ill-defined
is the specification of the system that is enclosed by a boundary surface on which the
quasilocal charges are to be integrated.

Let us make an analogy with classical thermodynamics and consider two systems:
(i) a constant pressure system which is expanding and (ii) a constant volume system
which has increasing pressure. If we use a barometer to measure the pressure values
obtained within these two systems, the readings will of course be different. However,
this is not because the barometer is not working properly, rather it is because the
barometer is not sensitive to the defining properties (or symmetries) of the two sys-
tems in question. Moreover, even if we find a way to define the system consistently
there exist many energies one can associate with a system. Going back to our anal-
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ogy, let us say we keep track of the pressure value and make sure that we are actually
investigating a system with constant pressure. Now we can define the internal energy
of that system or define the average kinetic energy of the particles which is not nec-
essarily related to internal energy unless there exist equilibrium. We can also define
work done by the system on the surroundings throughout the expansion process etc.
In that situation we would not expect all of those energies to give us the same value.

In this chapter, we presented a quasilocal work-energy relation which can be applied
to generic spacetimes in order to discuss quasilocal energy exchange. We identified
the quasilocal charges associated with the rotational and nonrotational degrees of
freedom, in addition to a work term associated with the tidal fields. This construction
was possible only after we defined a quasilocal system by constraining the double
dyad of the quasilocal observers, which is highly dependent on the symmetries of the
spacetime in question.

In Chapter 3, for spherically symmetric systems, we investigated the Raychaudhuri
equation of the worldsheet at quasilocal thermodynamic equilibrium, i.e., when the
observers are located at the apparent horizon. In the present chapter, we considered
more generic spacetimes that are in nonequilibrium with their surroundings. We also
relaxed the spherically symmetric condition.

By transforming our equations from Capovilla and Guven’s formalism, which is con-
structed on an orthogonal double dyad, to the Newman-Penrose formalism, which is
based on a complex null tetrad, we were able to present the contracted Raychaudhuri
equation in terms of the combinations of spin coefficients, their relevant directional
derivatives and some of the curvature scalars. We also imposed three null tetrad
gauge conditions which result from the integrability conditions of the 2-dimensional
timelike surface T and the 2-dimensional spacelike surface S. This spacelike 2-
surface is defined instantaneously and is orthogonal to T at every point. Our null
tetrad gauge conditions are shown to be invariant under Type-Ill Lorentz transfor-
mations which basically corresponds to boosting of the quasilocal observers in the
spacelike direction orthogonal to S. Ultimately we realised that, under such gauge
conditions, the contracted Raychaudhuri equation is a linear combination of two of
the spin field equations of the Newman-Penrose formalism.

Later, we defined certain quasilocal charges via the geometric variables that appear
in the contracted Raychaudhuri equation. By choosing the quasilocal energy defini-
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tions made by Kijowski [25] as our anchor, we were able to define relevant quasilocal
charges for which a physical interpretation would be found. We also showed in Ap-
pendix C.2 that all of those quasilocal charges are invariant under Type-Ill Lorentz
transformations. Note that this property is desired for a well defined quasilocal con-
struction, as boosted observers should agree on the fact that they are measuring the
charges of the same system.

We applied our formalism to a radiating Vaidya spacetime, a C-metric and an interior
solution of the Lanczos-van Stockum dust cylinder. For the case of Vaidya we con-
cluded that the usable energy of the system decreases purely due to radiation. For a
C-metric we observed that the greater the acceleration of the black hole is, the more
energy should be provided to the system by an external agent. We concluded that the
decreasing trend in the total energy is due to the nonmonotonic, repulsive gravitational
potential that can be observed at the exterior region of an extremely accelerated black
hole. For the Lanczos-van Stockum dust we considered a nonasymptotically flat case.
We obtained an infinitely large negative mass-energy for the usable dilatational en-
ergy of the system independent of its size and concluded that this must be attributed
to external fields doing work on the system in order to prevent it from collapse. We
were also able to obtain the quasilocal energy associated with the rotational degrees
of freedom whose magnitude is exactly equal to the one of work done by the tidal
fields.

It is true that there exist various open problems and delicate issues related to our
construction. To start with, at a given spacetime point one has six tetrad degrees of
freedom and we imposed only three null tetrad gauge conditions to our system. That
means we have additional freedom to specify a gauge, i.e, to define the quasilocal
system. Although there exists no geometrically motivated reason we are aware of
in our current approach, one can choose additional conditions in order to compare
the quasilocal charges of different spacetimes constructed with other well known null
tetrad gauges.

Another delicate issue which may or may not be related to our null tetrad gauge free-
dom is shear. There is no a priori reason for us to impose the shear-free condition to
the null congruences, constructed from the timelike dyad that resides on T. However,
for generic spacetimes, one can find a gauge which satisfies our three gauge condi-
tions more easily once the shear-free condition is imposed. This is primarily because
our gauge conditions are trying to locate the set of quasilocal observers in such a
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configuration that the surface S is always orthogonal to T. That is natural for radially
moving observers of a spherically symmetric system but may hold even if the space-
time is not spherically symmetric. The shear-free condition locates the quasilocal
observers as close to as they can get to such a configuration. Note that shear is the
fundamental concept of Bondi’'s mass loss [14] without which gravitational radiation
at null infinity cannot be defined. Thus, this automatically raises an issue for quasilo-
cal observers at infinity who would like to measure the Bondi mass loss associated
with gravitational radiation. Investigation of whether or not there exist a gauge which
satisfies both the Bondi tetrad and our gauge conditions is left for future work.

Finally, we note that it is technically difficult to satisfy our null tetrad conditions for
more realistic, axially symmetric, stationary spacetimes such as Kerr. This difficulty
arises from the fact that our approach demands twist-free null congruences on the
worldsheet T. However, finding twist-free null congruences for spacetimes whose
principal null directions are twisting is a challenge. Although those nongeodesic null
congruences that we are after are not physical, their existence will guarantee the fact
that the quasilocal system, and the associated quasilocal charges, are all consistently
defined.

Recently, a quasilocal energy for the Kerr spacetime has been calculated for station-
ary observers [173] by using the definition of [174] both for the quasilocal energy and
the embedding method for the reference energy. Liu and Tam show that this energy
is exactly equal to Brown and York’s (BY) quasilocal energy, eq. (2.62). One might
wonder how our construction is compared to such an investigation. To start with, the
null tetrad constructed from the orthonormal double dyad of the stationary observers
in Boyer-Lindquist coordinates has imaginary divergence and hence does not satisfy
our null tetrad gauge conditions. Recall that the tetrad conditions we introduced here
guarantees the existence of well defined, boost-invariant quasilocal charges. Also
note that BY quasilocal energy is not invariant under boosts. Thus, the fact that Liu
and Tam end up with the BY quasilocal energy for their quasilocal system defined
by stationary observers in Boyer-Lindquist coordinates is no surprise. Therefore, in
our view, the calculations of Liu and Tam does not satisfy all the requirements of a
genuine quasilocal construction.
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According to many researchers, including the authors of references [175, 176, 177,
178], the 2+2 picture of general relativity might be more fundamental than the 3+1
approach. Although one might debate this point, the existence of a non vanishing
boundary Hamiltonian leads to the necessity of modifying the symplectic structure
of the ADM formalism in phase space to obtain a covariant formalism which can di-
rectly be linked to the quasilocal charges [25, 179]. Energy definitions, which do not
conflict with the equivalence principle, generically involve the extrinsic or/and intrinsic
geometry of a closed spacelike 2-surface. However, defining quasilocal charges that
are measures of energy and angular momentum for a generic spacetime is often a
challenge.

Here we realised that in order to construct well defined matter plus gravitational en-
ergy definitions one needs to define the system in question consistently. Given the
underlying theory is general relativity, such a procedure is highly geometry depen-
dent. Accordingly, the investigation presented in this thesis emerged from three ques-
tions:

¢ |s there something inherently fundamental about the 2+2 formalism in terms of
quasilocal energy definitions?

¢ If quasilocal energy resides on the intrinsic and/or extrinsic curvature of a closed
2-dimensional spacelike surface, what do the other extrinsic properties of that
surface correspond to?

e Can the Raychaudhuri and the other geodesic deviation equations, which have
proved their usefulness in terms of physically relevant observables in a 3+1
formalism, be investigated in a 2+2 formalism so that they can be linked to
physically meaningful quasilocal charges?
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To answer these questions we considered Capovilla and Guven’s generalised Ray-
chaudhuri equation given in [32] for a 2-dimensional worldsheet that is embedded in
a 4-dimensional spacetime. Also, we recognised Kijowski’'s Hamiltonian formulation
and the quasilocal energies [25] as an anchor to build our own construction.

Since the consistent definition of a system depends highly on the symmetries of the
underlying spacetime, we started our investigation with a relatively easy task: spheri-
cally symmetric systems at thermodynamic equilibrium. We considered only the radi-
ally moving observers so that their timelike dyad resides on a temporal-radial plane,
i.e., our 2-dimensional worldsheet, T. Note that by imposing such a condition we
made sure that the resulting quasilocal thermodynamic potentials are invariant under
the radial boosts. This is just another way of stating that such a set of observers agree
on the measurements of the same system.

The contracted Raychaudhuri equation of Capovilla and Guven [32], for the case of
the situation depicted above, takes a very simple form. Our grounds for interpreting it
thermodynamically are due to the Raychaudhuri equation of T involving terms that are
closely related to the quasilocal observables of a system. In particular, the term 72 in
eq. (3.2) can be linked to the mean extrinsic curvature of a closed spacelike 2-surface
S and hence the boundary Hamiltonian of general relativity. Moreover, the term &,/
can be used to define a genuine relative work density in the 2 +2 formalism unlike
its local analogue in the 3 + 1 picture, which is only applicable for the neighbouring
worldlines of the geodesic deviation.

Eventually we interpreted the contracted Raychaudhuri equation by defining the
Helmholtz free energy density, #, via the mean extrinsic curvature of S. One ob-
tains the Helmholtz free energy, ¥, by taking the integral of f over the closed surface
S. We defined our quasilocal thermodynamic equilibrium via the minimization of the
Helmholtz free energy, as one would do for a constant temperature system in classical
thermodynamics. Then the contracted Raychaudhuri equation can be written in terms
of our Gibbs free energy density and the work density linearly.

This relation between the Gibbs free energy and the work term is the same as in the
surface dynamics of the classical theory in which the work density, i.e., the surface
tension and the curvature of the surface are linked via the Young-Laplace equation.
According to the classical theory, fluids tend to extremize their surfaces to reach equi-
librium. At this point the surface tension takes its critical value.



Similarly, our thermodynamic equilibrium condition for a gravitating system corre-
sponds to the minimum mean extrinsic curvature of S, i.e., when S is located at the
generalised apparent horizon of a given spacetime. Considering the fact that the ap-
parent and event horizons of a static black hole coincide, the resemblance between
the equations defining black hole mechanics and equilibrium thermodynamics seems
to be more than just an analogy. We believe that it is closely related to the boundary
Hamiltonian of general relativity, and defines a specific state of an arbitrary system.

Note that at hydrodynamic equilibrium of the classical theory, a system neither ex-
pands nor contracts. Moreover, hydrodynamic and thermodynamic equilibrium states
of a system coincide when the entropy takes its extremum value. Similarly in our
approach, at quasilocal thermodynamic equilibrium, the surface S neither expands
nor contracts when it is perturbed along T. Also, our quasilocal entropy, i.e., the 2-
surface area of the apparent horizon, takes its extremum value at this state. Thus,
we concluded that our quasilocal thermodynamic equilibrium should coincide with the
hydrodynamic equilibrium.

In astrophysics, these two coincident equilibrium states signal the existence of a virial
relation in which the temporal average of the kinetic energy of the total system be-
comes equal to the ensemble average of the kinetic energies of the particles at a
given time. Then the internal energy, which is equal to the ensemble average of the
kinetic energy of the particles at equilibrium, can be directly linked to the time aver-
aged potential energy of the system. For a similar construction in general relativity
we extended Bizon, Malec and O Murchadha’s mass bound [107] obtained for a static
black hole to the generic spherically symmetric systems. We picked Kijowski’'s Ex; as
our internal energy, which reduces to the Misner-Sharp-Hernandez energy for spher-
ically symmetric spacetimes. We considered Exiy as the proper/invariant mass of
the system following Epp’s ideas [26] and ended up with a relation which relates the
internal energy of the quasilocal system to the potential energy. This relation has the
same form as the ultrarelativistic virial relation in astrophysics.

Later on, since we wanted to investigate more generic systems, we considered sys-
tems in nonequilibrium and we relaxed the spherically symmetric condition for the
spacetime in question. Then our investigation turned into a search for how to best
define the quasilocal energy of a system which can potentially be exchanged with
the surroundings. Note that in this generalization we do not mention anything about
nonequilibrium thermodynamic potentials or relations. This is because even in the
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classical theory, nonequilibrium thermodynamics is a less investigated territory. Only
for systems that are close to equilibrium one can define thermodynamic relations that
are diverging from linearity by a small amount. There is no putative, well defined ther-
modynamic relation for systems far from equilibrium, in which the thermodynamic po-
tentials are related to each other nonlinearly. Therefore, since we wanted to consider
those systems defined far from the apparent horizon we abandoned the thermody-
namic approach.

In order to better understand how the worldsheet focusing relates to the null cone
observables we transformed the contracted Raychaudhuri equation of T, that is writ-
ten in Capovilla and Guven’s notation, to the notation of the Newman-Penrose (NP)
formalism [34]. Similarly to the previous case for an equilibrium state, we defined a
system via the domain enclosed by S which is orthogonal to T at every point. For
this, we imposed the integrability conditions on the tangent vectors of T and S. When
the formalism transformation is applied, these integrability conditions correspond to
three null tetrad gauge conditions, namely 7+ 7 =0, p = p and u = u, for a null tetrad
constructed from the double dyad of the quasilocal observers. By satisfying these
conditions one defines a generic, well defined quasilocal system throughout its evolu-
tion.

We identified the spin coefficients that are related to the rotational and nonrotational
degrees of freedom of the system and isolated the terms in the contracted Raychaud-
huri equation accordingly. This, and our previous discussion about the relative work
density via the worldsheet deviation, allowed us to define boost-invariant quasilocal
energy-like charges. Then we ended up with a work-energy relation which is applica-
ble for systems that can potentially exchange energy.

In terms of the applications, we considered systems that are at quasilocal thermody-
namic equilibrium defined in Schwarzschild, Friedmann-Lemaitre-Robertson-Walker
and Lemaitre-Tolman spacetimes. We found that the worldsheet-constant tempera-
ture of the system is same as the temperature of the particle tunnelling through the
apparent horizon of the given spacetime that is presented in various studies.

We also considered systems in a radiating Vaidya spacetime, a C-metric and a
Lanczos-van Stockum dust in order to investigate quasilocal charges in nonequilib-
rium. For systems defined in Vaidya spacetime we observed that the mass-energy
loss is purely due to radiation. For the C-metric and the Lanczos-van Stockum dust



metric cases we investigated the effects of the mass-energy input of an external agent
to the system in question without which it would not survive.

In this thesis, we proposed a geometric method in order to define and investigate
systems in general relativity. Our main outcome is that without a well defined quasilo-
cal system, there is no consistent definition of energy. We hope that the realization
of this will encourage other researchers who are working on the quasilocal energy
formulations in terms of better system definitions like ours or Epp et al.’s [128].

We discussed the difficulties and delicate issues encountered in our construction in
the previous chapter. This basically relates to the fact that, for generic spacetimes, it
is not always so easy to find a null tetrad which satisfies our three tetrad conditions.
As the system possesses less symmetry this task gets harder. For future work, our
primary goal is to investigate whether or not there is a systematic way of finding such
a null tetrad, which satisfies the required conditions for an arbitrary observer set.

Moreover, there are further fundamental questions to ask about our construction, or
any other quasilocal formulation given in the literature, which is formulated in classical
general relativity. For example, consider classical quantum mechanics where it is the
physical observables such as energy or angular momentum that are quantized. This
is a different focus from that of researchers working on quantum gravity who usually
tend to quantize spacetime itself in order to quantize gravity. However, as it has been
mentioned here and has been shown in the literature many times, energy and angular
momentum are already quasilocal in general relativity and the spacetime metric does
not have an explicit role in their definition. Are we then on the right track in terms of
what we should be quantizing?

In [180], Carlip argues for the advantages of doing quantum gravity in 2+ 1 dimensions
over 3+ 1 dimensions. Quantization in a 2+ 1 scenario is easier simply because
there are no propagating degrees of freedom in the corresponding quantum gravity
theory. The spacetime is either locally flat, de Sitter or anti-de Sitter. Note that his
construction is valid for a spacetime manifold with closed topology. On the other hand,
there have been certain attempts to quantize gravity for manifolds with non-vanishing
boundary. The action and the relevant boundary conditions one needs to pick have
been discussed for certain situations [181, 182, 183, 184, 185].

However, in all of these investigations the systems evolving from an initial state to a
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final state have been parametrised by “time”. It is true that the generator of energy
is the single time parameter that quantifies change in Newton’s theory. In general
relativity, on the other hand, energy resides on the extrinsic geometry of S defined
via the two degrees of freedom lying on the worldsheet T. Therefore, each state of a
given system should be parametrised by these two variables. Then the corresponding
transition amplitude of the states may be written as a double integral rather than a
single, time, integral.

Also, for such an approach, there would be no problem of time related to the
parametrization invariance of a given foliation in the 3 + 1 picture." We believe the
3+ 1 formulation is the closest one can get to Newtonian intuition in a relativistic the-
ory. However, recall that abandoning Newtonian intuition yielded incredible results in
physics at the first quarter of the twentieth century. Therefore, as a closing remark
we suggest that it might be more fruitful to try extending quantization studies in 2 + 1
dimensions to 2 +2 dimensions rather than 3 + 1. This is just another way of saying
that quasilocal energy research should fundamentally underpin more quantum grav-
ity investigations. In the end, whoever has a better insight in terms of the boundary
Hamiltonians in a gravitational theory will probably crack the mysteries behind the
quantization of gravity.

'See [186] for a review.
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A Newman-Penrose Formalism

The formalism was introduced by Newman and Penrose in 1961 and is usually re-
ferred to as the spin field formalism or simply the Newman-Penrose formalism in the
literature. This formalism has the following advantages [187]:

e The Einstein field equations can be written without the usage of index or sum-
mation notation.

e The NP spin field equations are first order and one can get useful sets of linear
equations by certain groupings of them.

¢ In this formalism, all of the equations are complex. This means that the total
number of equations are halved.

e The NP spin field equations are all scalar and one can carry out an investigation
by focusing on only a few of them depending on the geometry of the problem.

We now introduce the NP formalism by considering a complex null tetrad
{ly,ng,my,,m,}. Here the components of | and n are real and the ones of m and
m are complex. When we take the inner products of these null vectors with each
other, the only non-vanishing inner products are {I,n) = —1 and {(m,m) = 1. Note that
we are using the {—, +, +, +} signature for the spacetime metric through out the thesis.
Therefore our spin coefficients and the curvature scalars will have an extra negative
sign when compared to Newman-Penrose’s original notation [34]. However, signature
choice does not affect the NP spin field equations or any of the Lorentz transformation
relations of spin coefficients.
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A Newman-Penrose Formalism

A.1 Spin coefficients and curvature scalars

The spin coefficients are defined via the changes of null vectors when they are prop-
agated along each other with the relevant projections, i.e.,

k=—(Dlm),  v=(Dpn,m),

(A1)

p=—(Dglm),  p=(Dmn,m), (A.2)
0 =—(Dpyl,m), A={(Dgmnh,m), (A.3)
7=—(Dpl,m), n=(Din,m), (A.4)
e= l[—<D|I,n>+(D|m,ﬁ)], (A.5)
%[(Dnn I)—(Dpm,m)], (A.6)

%[ (Dml,n) +{Dmm, m)], (A7)

= %[(D n, 1) — (Dmm,m)], (A.8)

and the propagation equations follow as

DIl = (e+8)|l-xm-«m, (A.9)
Dal = (y+y)l-Tm-7m, (A.10)
Dml = (@+B)l-pm-om, (A.11)
Din = —(e+&)n+mm+mm, (A.12)
Dnpn = —(y+¥)n+vm+vm, (A.13)
Dmn = —(@+B)Nn+um+.m, (A.14)
Dm = 7wl-kxn+(e—g)m, (A.15)
Dym = vl-tn+(y—-y)m, (A.16)
Dmm = Al-on+(-a+p)m, (A.17)
Dmm = ul-pn+(@-p)m. (A.18)

Newman and Penrose introduce two sets of curvature scalars, Weyl scalars and Ricci
scalars, which carry the same information as in the Riemann curvature tensor. The
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A.2 Spin field equations

Ricci scalars are defined as

1 1 1 R

Doy = ER‘WZ”IV, Dy = 1 L (Hn” +mfm”), Dy = 3 wit'n’ A= R
1 1 — 1

Dy = ER#Vl“mV, D := ERﬂylMﬁ/LV =D, Opp = 5 'uym’umv, (A.19)
1 — 1 1 —

Oy = ER#Vﬁ’l”ﬁ’ly =Dy Dy := ERﬂymﬂnv, Oy = ERﬂvﬁflﬂny =0qs.

in which Ry, is the Ricci tensor of the spacetime, ®gy, @11, P22, A are real scalars and
D9, Oy, o1 are complex scalars. The Weyl scalars are defined as

Yo = Cpapl'm’ln?, (A.20)
U1 = Cagl'n’ln?, (A.21)
Y2 = Cpaplm’mn’, (A.22)
U3 = Capl'n’m™n’, (A.23)
Wy = Cwaﬁn“mvnan_f. ( )

with Cﬂmﬁ being the Weyl tensor.

A.2 Spin field equations

We now have enough information to write down the Einstein equations as a set of
linear, first order, complex, scalar equations. These spin field equations are found to
be

Dip— Dk = (0> +05) + (e +&)p -kt —k(Ba+B— 1) + oo, (A.25)
Dyjoc—Dmk=(p+p)o+Q@Be-&)o—-(r—a+a+3B)«k+"Yo, (A.26)
Dit—Dpk=(T+mp+T+n)oc+(e—-&T-CBy+y)k+¥1+ Do, (A.27)
Dia—Dge=(p+&-2¢e)a+B0—Be—kdl—ky+(s+p)n+ Dy, (A.28)
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A Newman-Penrose Formalism

Dif—Dme=(x+mo+p@-&PB—-(u+yk—(¥—me+V¥,
Dyy—Dpe=(T+ma+T+n)B—-(c+&)y—(y+y)e+tmn—vk+¥2+ D11 — A,
DiA—6m = (pA+ ) + 7% + (@ — B — vk — (Be — &)+ Doy,
Dijp—Dmr=pu+ocd)+an—(e+&u—(a—-pB)m—vk+¥r+2A,
Div—-Dpr=@m+Du+@+10)A+(y—-y)n—Be+ev+¥Y3+ Dy,
DnAd—Dgv=—(u+@)A—Gy—y)A+QBa+p+r—7)v— Yy,

Dmp~ Do =p(@+p)—oBa—p)+(p—p)r+u—pk—"F + o,

Dma— D= (up—A0) +aa+B—2af +y(p —p) +&(u— ) — P2+ O11 + A,
DmA—Dgp = (p=p)v+(u—r+ (@ +B)u+(@-38)1-"¥3+ Dy,
Dmv—Dnu= @+ ) +(y+Pu—vr+ (T -38-a)y+ D,
Dmy—Dnf=({~a-p)y+ur—ov—ev—(y—y—wpf+al+d,
DmT—Dno = (uo+Ap)+(t+B-a)t— By —y)o —kv+ D),
Dnp-Ds7=—(pi+0cA)+B—a—-)t+(y+y)p+vk—¥y-2A,

Also note that the following commutation relations, [X,Y] = DxY — DyX, for the null

vectors, {l,,n,,m,,m,}, that act on scalars will be relevant for our investigation,

[1,n] —(y+y)l-(e+e)n+(r+7T)M+(T+7)M,

(Ibm] = (@—a-pB)l-kn+(c—c+p)m+om,
[nm] = V+@+B8-1)n+(y—y—x)m—-m,
mm] = (u-Dl+@-p)n+(B-a)m+@-p)m.

In Chapter 4, Lorentz transformation of the null tetrad are of interest. Therefore we will

remind the reader of the three types of Lorentz transformations of the NP formalism

now.
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A.3 Type-l Lorentz transformations

A.3 Type-l Lorentz transformations

In a Type-| Lorentz transformation, the null tetrad is rotated around the vector I so that
the tetrad vectors transform as

[ (A.47)
n — ccl+n+cm+cm, (A.48)
m — cl+m, (A.49)
m — cl+m. (A.50)

Here c is a constant which is complex. Accordingly the spin coefficients transform

as

Vv — v4cen+cld+cu +EZT+E3CK+Ech+E30'+ZEy+ZEZC8+2cEa/+252,B

+ Dnc+ccDic+cDgc+cDme, (A.51)
T — T+co+cp+cck, (A.52)
vy - y+cEs+ca+E,8+ET+Ech+cEp+Ezo', (A.53)
u — u+cem+ o +ciek+ 2¢f+2cce+ Dmc+cDyc, (A.54)
o > T+ck, (A.55)
B — B+ce+co+cck, (A.56)
A — A+Cn+2Ca+2¢ e+ p+Tk+Dic+TDT, (A.57)
o — p+cCK, (A.58)
@ — a+Ce+cp+7k, (A.59)
K — K, (A.60)
g — &+ck, (A.61)
© — n+2ce+ck+DyC. (A.62)
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The transformations of the Ricci scalars are given by

Do
Do)
Do
O))
Dy
Oy
30}
Oy
005}

N A

+

Do,

Do1 + cDoo,

D0 + cDoo,

Do + ZC(I)()l + CZCD()(),

Do + 26D 1 + > Dop,

(I)H + CE(D()() + C(I)l() + E(D()l,

Oy +2ccDy + C2(I)10 +cDg +2cDq + CZE(DO(),
Dy + ZCE(I)]() +52(D()1 +cDyo + 2cdqy +52C(D()(),
Dy +4ccDiq +2¢Dy +2¢Dyp +52C2(D()() + 25C2(D1()

ZEZC(D()l + Ezq)()z + C2(D2(),

and the transformations of the Weyl scalars are given by

Yo,

Y1+ ¥y,

W, +20¥, + W,

W3+ 30, + 367 + W,

W, +40¥3 + 607V, + 40 + 1.

F
Lol

A.4 Type-ll Lorentz transformations

In Type-Il Lorentz transformation, the null tetrad is rotated around the vector n and the

tetrad vectors transform as

I - l+cen+cm+cm,
n — n,
m — ch+m,
m — ¢cn+m,



A.4 Type-ll Lorentz transformations

Here again, c is a complex constant. Accordingly the spin coefficients transform as

vV — v, (A.82)
T — T+2cy+c?v—Dpc, (A.83)
Yy — vto, (A.84)
u — u+cv, (A.85)
o - 0'+c7'+2cﬁ+2c2)/+cz,u+c3v—Dmc—chc (A.86)
B — Bt+cy+cu+cty, (A.87)
A — A+ov, (A.88)
p > +p+er+PA+cTev+2ca+2cty - Dyyc — ¢Dnc, (A.89)
a — a+cr+ced+coy, (A.90)
K — K+CET+EO'+cp+c27T+c3Ev+czE,u+c3/l+cs+2625y+205,8+2c2a

— Dyc—ccDnc—cDme —cDge, (A.91)
e — 8+cEy+Eﬁ+ca+c7r+czEv+cE,u+c2/l, (A.92)
T — m4+cld+cu+cov. (A.93)

The transformations of Ricci scalars are given by

Dgy — Do +4ccd +2¢Do; +2cD 1o + 2T Do + 282D

+ 267Dy + Doy + T Do, (A.94)
Dg1 — Dgp +2ccD s + > Dy + gy +2¢D1 1 +c2cDys, (A.95)
Qg — @o+2ccDs +7Dn + cDog + 26011 + > cDoo, (A.96)
Oy, — Dgp +2cDya+ 2Dy, (A.97)
Oy — oo+ 2Dy + > Dos, (A.98)
D1 > Dy +ccPrp+cDir+cPyy, (A.99)
Oy — Dpp+cdo, (A.100)
Oy — Oy +cDoo, (A.101)
Oy — Op. (A.102)
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and the transformations of Weyl scalars are given by

Yo
¥
¥,
3
¥y

N

Wo+4cW +607Ws + 4c3Ws + MWy,

W +3¢Ws +3¢7Ws + Wy,
Y + 2C‘P3 + CZ‘I’4,
‘P3 + C\P4,

Yy.

A.5 Type-lll Lorentz transformations

Type-lll Lorentz transformation represents the boosting of I and n and the rotation of

m and m, i.e., the tetrad vectors transform as

3
3
Q
3

3
3
[N
3

(A.108)
(A.109)

(A.110)
(A111)

Here both a and 6 are real functions. Accordingly the spin coefficients transform as

<

'sl

D Oy ™ [ O

N 2 2 A

a—4e—210v

9

62197',

a2 (y+Dn[lna+i6),

a_z,u,

a2 e4l0 o,

¥ (B+ Dm [Ina +i6)),
a—2 e_4i9/l,

a’p,



A.5 Type-lll Lorentz transformations

a — e 2 (a+Dg[Ina+ib)), (A.120)
k — a*e?, (A.121)
e — da*(e+Di[Ina+if)), (A.122)
T - e (A.123)
The transformations of Ricci scalars are given by
Dog — a* Dy, (A.124)
Oy — a*¥ly, (A.125)
D9 — ale P, (A.126)
Qg — D, (A.127)
Oyy — e 40Dy, (A.128)
O — Oy, (A.129)
D — a2e??d),, (A.130)
Oy — a ey, (A.131)
Dy — a Dy, (A.132)
and the transformations of Weyl scalars are given by
Yo — a*etiyp,, (A.133)
¥, o a0y, (A.134)
Y, — W, (A.135)
¥y o ale d0y,, (A.136)
Y, — ate 0y, (A.137)
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B Raychaudhuri equation in
Newman-Penrose formalism

B.1 Useful expressions

The following expressions are used many times in our transformation to the NP for-

malism

nab pr Eya —

SN NP
J

nab Eﬂa Da EIJ

nab Eaa D, Eﬂb
8N DgN”;

8N DaN”;

—-EF EY +E°.E”,
0 O 1 1

2 2
- (%) P +rP) (P +n")+ (%) P —nP) (I —n")
— (PR +'nP). (B.1)
N’ Nﬂ2 + N, NB3

(%)2 (m” +m") (P + )

.\ 2
—1
— | " -m") (P -7
[55) =
(mm + mPm”). (B.2)
~E’ D,E’ +E' D,E’.
0 0 1 1

1 1
-5 (#+1) Do (I + 1) + 5 (# 1) Do ("~ )
~(PDun + Dy ). (B.3)
— (D" + Dpl?),

(04 4 a 4
N® DgN’; + N, DgN",
1 1
3 (m*+m®)Dg(m” +m") — 3 (m®* =m™)Dg(m" —m")
m"D,ﬁV +m"Dﬁm",

Dmmv + Dﬁmv



B.2 Derivation of V7

! (D) (DyEY,) = - (D E*)(DyE? )+ (DB, ) (DyEY, )

= - (D I+ Dpn) (Dy 1" + Dy (B.7)
1

E(Dpw D) (DyI” = Dyn”)

~[(Do) (Dyn )+(Dpn'“)(Dyla)]. (B.8)
0B’ DgD,yE", = —E° DgD,E"; + E’. DyD,E",

_% (lﬁ _,_nﬁ)DﬁDy (M +n) + % (1/3 —nﬁ)DlgDy (F —nt)

1
-3 | DDy (# + 1)+ DaDy ( + 1)

+

|DiDy (=) = DaDy (I = 1)

+
N =

= —(D|D),I’l’u+Danyl#). (Bg)

B.2 Derivation of V7

Consider the left hand side of the Raychaudhuri equation (4.44), and the worldsheet
covariant derivative of Jal.j defined in relation (2.98), i.e

(B.10)

~ . b b cij k
Vi na 57V Jalj - na o v Jalj Wi Jakj_ bj Yaik |
——

DbJaij‘Vba ‘]cij

By using the definition of Jm.j, eq. (2.78), the first term of the equation (B.10) be-
comes,

N6 DT = 167Dy g, Di(E" )N, | = 8,016 (DuN,) (Dy E ) N
+ g6 NY (DyDyE )N + 8, n™ 6 INY, (DyE", ) EP, (DpN"))
= (DN, D, )
+ g ( S5t Nyi ij) (nab Eﬁb DgD, E“a)
DN ) (7, 1)
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B Raychaudhuri equation in Newman-Penrose formalism

and by making use of egs. (B.2), (B.3), (B.5) and (B.9),

N6 Dyt = =g, (m"Dgm’ +m Dgm” ) (PDy + D, 1)
— (m'm’ +m'm”) (DyDyn + DpDy ")
— 8 (m? Dgi” + " Dgm” ) (PDyn + D, 1)
= —gu|m [_V (Dﬁmy) g (D n“) + n_ivmyD|Dyn”]
- & [m” (Dﬁm )lﬁ (D n”) +m _7D|Dyn”]
= 8 | (Dgm” )P (Dy 1)+ i'mY DaDy |
- 8w [m (D/;m ) (D l“) + mVWDnDyl“]
= 8 [(Dim”) (Dmn*) + (Dnm”) (Dml)]
= 8 [(Dun") (D) + (Dnm”) (Dl
= —[(m,D\Dmn) + (M, D|Dzn)| — [(M, DnDpyl) + (M, Dy Dgl)]
— [{(Dim,Dmn) +{Daym, Dpl)| — [{Dym, Dzn) + (Dpym, D) ].

Now we can use egs. (A.11), (A.12), (A.14), (A.15) and (A.16) to obtain

nsiDyd ;=

aij

[Dn(p+5) = Di(u+m)]+|@+p) (x+7) + (e +B) T+ 7))
= [e-Bu-m+@-N-pl-|@+p) (x+D) +(a+p)@+7)]
[((e=8) -+ - (-p)]

[Dn(p+p)—Di(u+m)]. (B.11)

In order to derive the second term of eq. (B.10), we will use the definitions in eq. (2.76)
and eq. (2.78). Then we get

106, iy = 116 (8 [ DyE"a | E”) (80 DiE | N'))
80 8ap(N':N°167) (0" EX D, E*, ) (0 E” DyE“..).

Then by using relations (B.2), (B.3) and (B.4),

nabéijybacjcij = 8uw8ap (m7ﬁzﬂ + mﬁn_ﬂ) (Dyn* + Dpl*) (lVDyn“ + n"Dyl“)

= 8u8qp (DI + Dnl")

X (n_d'BlVDmnO‘ + P Dl + mPl’ Den® + mBnVDﬁla)
(Dmn,m)((Din, 1) + (Dyl, 1)) + (Dml,m) (Din,n) + (Dyl, n))
(Dgn,m)((Din, 1) +(Dnl.1)) + (Dl m) (Din,n) + (Dnl,n)),

+
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B.2 Derivation of V7

and by using egs. (A.10), (A.11), (A.12) and (A.14) we obtain

N6y, Jyp = E+DU+D+G+Y) (0 +p). (B.12)

In order to derive the third term of eq. (B.10) one uses the definitions in eq. (2.77) and
eq. (2.78). Then we write

Uab5ijwbikj akj U (gﬂV [D N Ni ] N Vk) (g ap [D ! Eaa] Nﬁj)

G 00V 57 D) 1 )

Now using egs. (B.2), (B.3) and (B.5) results in

r]“béijwbjkjaki = =88 (mM'm +m"m’)
X (mPDpimt + 1 Dym) (1 Dyn + 1 Dy 1%)
= —[(Dmn,m){Dim,m)+(Dym,m){Dmpn,m)
+ (Dpm,m){Dpl,m)+{(Dym,m){Dpl,m)
+ (Dim,m){(Dgn,m) +(Dym,m){Dxn,m)

+ (Dnm,m){Dgxl,m) +(Dym,m){Dgl,m)],
and by egs. (A.11), (A.14), (A.15) and (A.16) we obtain
n6w, e = —(e=2[u-ml+[y-71lp-p)). (B.13)

Similarly, the fourth term in eq. (B.10) follows from

Uabéijwb jk Jaik 77ab5 et (gw, [DbN #j] N vk) (g ap [D iEaa] Nﬁl)

88 (KN NP)) (67N, D,N") (1" E?, Dy E*., ).

Then by using relations (B.2), (B.3) and (B.5),

n“bdijwbjk.laik = &8s (mvﬁzﬂ + m'Bn_iy)
X (m Dy + 7" Dym) (P Dyn® +nf Dy 1%)
= —[(Dmn,m){Dim,m)+{(Dm,m){Dyn,m)
+ (Dnm,m){(Dpyl,m) +(Dym,m)(Dgl,m)
+ (Dim,m){Dmn,m) +(Dym,m)(Dzn, m)

+ (Dnm,m){Dpl,m)+(Dym,m){Dgl,m)],
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and by further using eqgs. (A.11), (A.14), (A.15) and (A.16) we obtain the same result
asin (B.13), i.e.,

N6 w, [Ty = —~(e=2[u—El+[y-71lp-p)). (B.14)

Hence, substitution of the relations (B.11), (B.12), (B.13) and (B.14) into eq. (B.10)
results in

N6V, 1, = [Dalp+p)—Di(u+m]-[(e+8)(u+m)+y+7)(p+p)]
+ 2[e-e)u-w+-Y(-p)]. (B.15)

B.3 Derivation of Vs X

Consider the first term on the right hand side of the Raychaudhuri equation (4.44), and
the covariant derivative of Kabj on the spacelike 2-surface defined in relation (2.111),
ie.,

N  abdic b
Vs K :=n* 51]ViKabj =n*6" ViKabj _SaciKij_SbciKacj . (B.16)
~——
DK, _Viijabk

Then, by making use of the definition (2.75), the first term of eq. (B.16) is as follows

DK

a

b nabéij T]ab5ijDi [_guv (DaE#b) ij]
= —pbsii [N"jNyl.Dy (8 (DaE“b))] — st [gw, (D.EY,)N, DyN”j]
= g [(6ijNV jNVj) 7D, (EﬁaDﬂE“b)]

b y
~ [ D) (7 D)
By using egs. (B.2), (B.4) and (B.6) we write

8uv [(myn_f’ +m"m”) D, (Din* + Dnl“)]

8y (DI + Dnl"') (Dmin” + Dggm”) |

(M, DmDin) + (M, Dy Dpl) + {m, DizDin) + {m, Dz Dpl)
(Din, Dpmm) + (Dn, Dsm) + (Dpl, Djmm) + (Dpl, Digm),

+

+



B.3 Derivation of Vs X

and by further using egs. (A.10), (A.12) and (A.18) we obtain

DK

1767 = Dm(-7)+D@-1)[(a~B)@-1)+ @B (x-7)|

- [+ w+m+@+Pe+p]+[(e+2) w+m)+ ¥ +7)(p+p)]
+ |(e-B)@-1)+@-p) (-7
= Dm(n—7)+ Dy ([@—1). (B.17)

The second term in eq. (B.16) is obtained by using the definitions (2.75) and (2.79).
The derivation follows as

Vi 51 b [ » ( D, Naj) Nﬂk] [_ 2 ( D, Eub) Nvl] 51 5y

=88 ("N N")) (YN’ DN ) (" E?. Dy E”, ).

Now let us use egs. (B.2), (B.4) and (B.5) to write

YiiKap 070 = 808, (M + m'i ) (P Dyi® + 71 Dy
X (D" + Dpl*)
= (Dmm,m){Din,m) +(Dmzm,m){Dn,m)
+ (DmMm,m){Dpl,m) + (Dmm,m)(Dpl,m)
+ (Dmm,m){(Din,m) + (Dmm, m){Djn, m)
+ (Dmm,m){Dpl,m)+ (Dmm,m)(Dpl,m).

Then by using egs. (A.10), (A.12) and (A.18) we obtain
YinKap '™ = @-p -0 +(a-B)@T-1). (B.18)

Finally we derive the third term that appears in eq. (B.16). Note that the third term is
equal to the fourth term since our n7 , is diagonal. Here we make use of the definitions
(2.80) and (2.75) and get

SaCled](sl]naand [g,uv (DiE#a) EVC] [ 8ap (D E? )Nﬁj]&]ﬂab’fd
By (6NN ) (B, Dy B ) (B D E7, ).
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Also by using egs. (B.2) and (B.3)

S . Kbdj 6i j nabncd

act

~8,v8ap (m”n_?B + mﬂW) (lprn“ + nprl“)
(lVDan + nVDpla)

—[(KDmn,y{Din,m) + (Dmn,n){Djl,m}]
— [{Dml,1){Dnn,m) + (Dpl,n){Dpl,m)]
ol
ol

X

(Dgn, 1){(Din,m) + {Dxzn,n){D)l,m)]
(Dgl,n){(Dpl,m) + (Dl 1) {Dpn,m)].

Then by further using egs. (A.9), (A.10), (A.11), (A.12) and (A.13) we write
S acikpay 00! = ~|@+A @+ +(a+B) @ +7)|. (B.19)
Therefore substitution of relations (B.17), (B.18) and (B.19) into eq. (B.16) results in

n"6'VK,,: = Dm(n-7)+Dg@-1)—|@-p) (-1 +(a-p)@-1)
+ 2|@+p (@ +D)+(a+B)@+1)|. (B.20)

B.4 Derivation of 72

In order to derive the second term that appears on the right hand side of the Ray-
chaudhuri equation (4.44), we start with the definition (2.78) and write
nabé*ij(slk

2._
T = Ty

(81 (DE", )N || 80 (DLE0) N 5775
= Guap (6NN ) (NN ) [ (DyE®,) (DB ).

then by egs. (B.2) and (B.8),

Jbik J,

a1 = —g g (P + P ) (¥ + m')

X |(Dy1) (Do) + (Dyn) (D)

= —[(Dmh,m){Dpl,m)+{(Dmn,m){Dpl,m)]
— [{Dmn,m){Dgxl,m) + (Dyl,m){Dmn,m)]

—  [{Dmn,m){(Dml,m) + (Dmn,m){Dgl,m)]

- [(Dgl,m)(Dmn,m) +(Dgl,m)(Dgzn, m)].



B.5 Derivation of X2

Finally, by using egs. (A.11) and (A.14) we obtain

Jbtk J

sk = 2(up+pip+oA+TAd). (B.21)

B.5 Derivation of X*

The third term that appears on the right hand side of the Raychaudhuri equation
(4.44), is obtained as the following once the definition (2.75) is considered.

K2 - KbCiKadjnabncddij [_guv (D E* )Nv ] [ ﬁ (DaEad)Nﬁj] I]aand6ij

= 88 (0NN ) (" EF EY,) [ (D, EX.) (DyE?,)|.

Also by making use of egs. (B.1), (B.2) and (B.8) we write

KbClKadJnaanddij P+ mPm” )(lpn7+[ynp)

(D) (Dyn®) + (D) (D7)

(m
|
[(Dil,m){Dpn,m) +(Dyn,m){Dypl,m)]
[
|
|

X

+

(Dpl,m){(Din,m) +(Dpyn,m){D)l,m)]
(Dil,m){(Dpn,m) + (Dn,m)(Dpl,m)]
(Dpl,m){Din,m) + (Dpn,m){Djl,m)].

—+

+

Then by egs. (A.9), (A.10), (A.12) and (A.13) we obtain the final form as
K, .K . n®ns = —2(kv+Kkv+nT+70). (B.22)

bciradj

B.6 Derivation of &,

Now we derive the last term on the right hand side of the Raychaudhuri equation
(4.44), in terms of the variables of the Newman-Penrose formalism, i.e.,

KW = g(R(Eb’Ni)Ea’Nj)nabdij = RaﬁvalubNViEﬁaNajnabéij
_ b B ij
= Ryg (nE", EP) (8N, N%).
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Then by using egs. (B.1) and (B.2) we obtain

g(R(E,,N)E,.N 6"l Ry (1P + ) m"m® + mm”)

:—[R_ +R__+R_.__+R

mnim mnim minm mlnﬁ] :

(B.23)
Since, the Riemann tensor is defined as,

nyvw =— <Dnyv,w> + <Dnyv, w> + <D[x,y]v, w>,
we write

g(R(Eb’Ni)Ea’Nj)nabéij - [ mnim * mnlﬁ+Rﬁlnm+lenﬁ]

= —|-(DmDal.m)+(DnDgl.m) +(Djzg ol m)]
— [~ (DmDnl,m) +{DnDml,m) + (Dmnl, m)]

- [— (DmDin,m) + (DyDzN, m>+<D[ﬁ i, m>]

— [-(DmDin,m) +(DiDmn,m) +(Dimin,m)].(B.24)

Now we will make use of the commutation relations, (A.44) and (A.45), in order to
write the inner products that involve the brackets in terms of the Newman-Penrose
variables. In particular,

Dainl = —VD||—(04 +B—7)Dn|—(?—y—ﬁ)Dml+/1Dml,

Dimnl = —vD|l—=(@+B~17)Dnpl—(y =7 — 1) Dl + ADg],

Dgmyn = —(ﬂ—a—B)Dm +XDpn — (- &+ p) DN — D,

Dimyn = —@-a-B)Din+«Dpn—(g—€+p) Dmn —oDgN. (B.25)

At the next step of our derivation we make use of the propagation equations (A.9),
(A.10), (A.11), (A.12), (A.13) and (A.14). Then we obtain

<D[ﬁ’n]|,m> + <D[m n]l,ﬁ>+<D[ﬁ |]n,m>+ <D[m nn, m> =
w=2(kv+kv)-2(1T+717) — 2( ,u+p/,t+/10'+/10')
+[(§+,8)(7r+7)+(a+ﬁ)(7r+7-)]—[(g—g)(ﬂ—,u)ﬂy_y)(p_p)],
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so that

g(R(E,.N))E,,.N )" 6"

[{DmDnl,m) = (DnDgl, m)]

[{DmDnl,m) = (DnDml,m)]

[{DmDin,m) — (D)Dzn, m)|

[{DmDin,m) — (DiDmn, m)]

2 (kv +Kv) + 2 (1T + 77) + 2 (0l + Pt + Ao + A7)
|@+p)(x+7)+(a+B)G@+7)
[(e—8)(u-—w+ -y (e-p)].

Now we further use egs. (A.10), (A.11), (A.12),(A.14), (A.15), (A.16) and (A.18) and

write

g(R(E,,N)E,.N ™6

Hence,

g(R(E,.N))E,..N )"6"

Dm(n—7)+ Dy (m—17)
[(e-B)@-1)+@-p)(x-7)
[(e+8)(u+m)+(y+7) (o +p)]

[Dn (0 +p) = Dy (u + )]
[(a+,8)(7r+7’)+(0/+,8)(7r+‘r)]
[(e-8)u-w+-7)(p-p)]
2(KV+KV)+2(TT+JT7T)+2(pu+,5p+/10'+715)
|@+p)(x+7)+(a+B)@+7)
[(e=8)u-m+-Y(-p)].

Dn(p+p)—Di(u+p)+ Dm(m—7)+ Dy (7 — 1)
[(e-B)@-0)+@-p)(x-7)|
[(e+&8) (u+m)+(y+¥)(p+p)]
2 (kv + &) + 2 (T +77) + 2 (Pl + P + Ao + A7)
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B.7 Alternative derivation of %,

Here we will present a derivation of Xy, by using the decomposition of the Riemann
tensor into its fully traceless, Cymﬁ, semi-traceless, Yﬂmﬁ, and the trace parts, S#mﬁ.
For a 4-dimensional spacetime, the decomposition is as follows [12],

Rﬂva’ﬁ = NV(X,B + Y/JVa’ﬁ - S,uV(Xﬂ’ (B.26)

where Cﬂmﬁ is the Weyl tensor, R is the Ricci scalar of the spacetime and

Yuva,B = (gpa/Rﬁv - g'ulgRozv - gvafRﬁ/J + gVﬁR(w) > <827)
S,uvaﬁ = (gpagﬂv - g'uﬁgm/) . (BZS)

NN =

The term we are after follows as

Ry 1= 8(R(E,.NDE, N6 = Rz B NE° N6
R (1B, ) (6NN ).

Now by using egs. (B.1) and (B.2) we obtain

8(R(E,.N)E, . Nn™s" = —R, g (WrP+Pn") (m'm® + m*m”)
=R * Rt + Kot R

mnim mnim mlnﬁ] :

minm
Symmetries of R 45 allows us to write
b

SRE NIESN 167 = =2(Reiin * Rejorm):

and by using the decomposition (B.26),

+C

ﬁlnm)

S

-2(c

mnim

- 2(Y +Y

mnim minm

8(R(E,,N))E,, N n""6"
S

mnim ﬁlnm) :

Here we make use of the symmetries of Cﬂm/; and the definition (A.22) to get

beii _
g(R(Eb’Ni)Ea’Nj)na oY = _2(\112 +\P2) _2(Yﬁnlm + Yﬁlnm _Sﬁnlm _Sﬁlnm)'
(B.29)
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By using the definitions of Yﬂmﬂ and Sﬂmﬁ given in (B.27) and (B.28) we write

Yeinim = %(ﬁ,')Rmn—<ﬁm>R.n—<n,l>Rmﬁ+<n,m>R,m), (B.30)
YViiom = %(@,")Rm.—<ﬁm>Rn.—<I,n>Rmm+<l,m>an), (B.31)
Stnnim = o (T (m,m) = T m) L my), (.32)
Som = ¢ (D).~ (. m)(n.D). (.33)

Also, since the Ricci scalar is R = g""R,,, = 2(—RIn +R _) and the Ricci tensor is a
mm
symmetric, we have

— R R
R = -2(¥2+72)-2(3-3). (B.34)
In the NP formalism one defines a variable A = R/24, thus we conclude that
Ry = -2(P2+ P2 +4A). (B.35)
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C.1 Gauss equation of S

For a 2-dimensional spacelike surface embedded in a 4-dimensional spacetime, the
Gauss equation reads as [141],

8&(R(Ni,N)Nj,N;) = iRijkl - Jaikjbjlﬂab + Jajkjbilnab- (C.1)
When we contract eq. (C.1) with 5%6// we get
g(R(N*, NNy, Ni) = Rs —H” + 77, (C2)

where s is the intrinsic curvature scalar of S, H? = Jaikjhﬂn“béikéﬂ is the square
of the mean extrinsic curvature scalar of S and 72 = Jajkjbﬂn“”éikéﬂ is one of the
variables that appear in the contracted Raychaudhuri equation. Then derivation of
g(R(N*, N))Ni, N)) in terms of the NP variables proceeds as follows.

g(R(Nx, NN, Ny)s'ksl! - = RaﬁWN“kNVlN'BjN“i 6%/ = R, jkl(sikéﬂ

_ ik B cjl
= Rog (VN85 (VN6

Now considering the relation (B.2) we write

Rijkléikéﬂ = R,p,, (m'm® +m"m") (mVWzB + mﬁn_1v)
= Rﬁmm + Rﬁmmﬁ + Rmﬁm + Rmmm’
and by considering the symmetries of Rﬂmﬁ we obtain
R; jkléikéﬂ = —2Rmimm:



C.1 Gauss equation of S

Now let us use the decomposition (B.26) and write

ik il _
Rijkl(sl o = =2 (Cmmﬁm + Yﬁmﬁm _Sﬁmﬁm)’ (C3)
where
mmmm T2+‘IT2’ (C4)
1, _ —
— 5((m,m)Rmm—(m,m)Rmm—(m,m>Rmﬁ+<m,m>Rm)
= -R__, (C.5)
R, _ _ _ _.._ R
e = g(<m,m)<m,m>—(m,m>(m,m))_—g. (C.6)

Equation (C.4) follows from the fact that Weyl tensor is traceless. To see this, consider
the following. For any pair of vectors {v, w} one can write

87 Covyw =0=="Crynw — Coviw T Crwimiw + Crmvmw (C.7)
Now let us set v=m, w = m, then we obtain
0 = ~Cinnm ~ Comim T Cmmmm T Crimmm
= Cimimn T Cimmn T 0~ Crimmm- (C.8)
Then by using the definition given in (A.22) we find
Coimm ¥, + 9, (C.9)
In order to rewrite eq. (C.5) in terms of the curvature scalars consider
1
R=2(-Ry+R)  and  ®p =7 (Ry+R). (C.10)

Then we write

R+ 8D
R =—"""1

mm 4

(C.11)

Therefore, substitution of equations (C.4), (C.5) and (C.6) into the decomposition (C.3)
yields

—\ (R+8D;;\ R
gRINGNON'.NY) = —2|(¥,+) - R+8®y,) R
4 6

= _2(‘1’2+‘P—2—2A—2<D11). (C.12)
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C.2 Boost invariance of quasilocal charges:

C.2.1 Transformation of V7 under Type-lll Lorentz
transformations

Under a Type-Ill Lorentz transformation, the null vectors | and n transform according
to the relations (A.108) and (A.109) respectively. The transformed spin coefficients,
v, i, p’ and &’ can be obtained via the relations (A.114), (A.115), (A.119) and (A.122)
so that the transformation of the term V.7 in eq. (4.51) follows as

V19 = 2(Dwp’=Dy)=2(e + &) + (0 +7)p]
2 [a—lan (Clzp) - a2D| (élu):|

2{a® (e + Dy[Ina +i6]) +a* (E+ Dy [Ina - ie])}izp
a

2{%(7+Dn [Ina+i0]) + iz (7+ D [Ina—i6]) }a’p
a a
2(Dnp—Dy) =2[(e+&) u+(y+y)p]. (C.13)

Therefore V1.7 is invariant under a Type-lIl Lorentz transformation.

C.2.2 Transformation of Vs X under Type-lll Lorentz
transformations

By using eq. (4.52), the transformed Vs X can be written as

VsK = 2|Dwr’ -Dg7|-2|@ -p)n + (o -7, (C.14)
in which the transformations of the complex null vectors m and m are given in relations

(A.110) and (A.111) respectively. Also, the transformed spin coefficients 7/, 8, @’ and
7/, are obtained via the relations (A.113), (A.117), (A.120) and (A.123) so that we



C.2 Boost invariance of quasilocal charges:

have

68 ,](/ ) [eZiaDm (€_2i97l') _ 6—21'49Dﬁ (eZiQT)]
— 2{* @+ Dm[Ina-if]) - e (B+ Dm[Ina +if]) je *n
2™ (@ + D [na +i6]) — e~ (B+ D [Ina - i6]) | .

Now by further imposing our null tetrad condition, 7+ 7 = 0 on the above equation we
obtain

VsK' = 2[Dmr—Dgr]-2|@-Br+(a-p)7|. (C.15)

Then, VsX transforms invariantly under the spin-boost transformation of the null
tetrad.

C.2.3 Transformation of 72 under Type-lll Lorentz transformations

The transformation of 72 follows from the definition (4.53) plus the transformation
relations (A.115), (A.116), (A.118) and (A.119) of the spin coefficients u’, o, A’ and
©’. Then we write

9% du’p’ +2 (U'/l’ + E'ﬁ/)
4 (a_z,u) (azp) +2 [(aze4i90') (a_26_4i9/1) + (a26_4i95) (a_ze‘”(ﬁ)]

4/1p+2(0'/l+5§). (C.16)

Therefore 72 transforms invariantly under the spin-boost transformation of the null
tetrad.

C.2.4 Transformation of X2 under Type-lil Lorentz
transformations

By using eq. (4.54) as for the definition of K> and considering relations (A.112),
(A.113), (A.121) and (A.123) for the transformations of spin coefficients v/, 7/, ¥’ and
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' we write
KY = 20V +RY)+2(x'T +7T
) [(a4 eZiQK) (a—4 e—ZiHV) + (a4 e—2i6’;) (a—4 eZiH‘—/)]

2 [(6—21'671_) (621'0%) + (eZiOT) (6—21'6?)]

=2((kv+xv)+2(mr+7T). (C.17)

+

Thus X2 is also invariant under spin-boost transformations.

C.2.5 Transformation of X, under Type-lll Lorentz
transformations

The Weyl scalar ¥, transforms invariantly under spin-boost transformations according
to the relation (A.135). Moreover, the parameter A = R/24 is invariant under such a
transformation since the Ricci scalar is unchanged. Therefore, following eq. (4.50), it
is easy to see that

R’ = =2(W + U +40") = =2(va + U +4A), (C.18)

and Ry is invariant under spin-boost transformations.

152



	Abstract
	Acknowledgements
	Table of Contents
	Introduction
	Preliminaries
	Hamiltonian formulations and quasilocal energy definitions in the literature
	Generating functions in classical mechanics, ``control'' and ``response'' variables
	Boundary terms of the Hamiltonian in field theories
	A canonical Hamiltonian formulation in GR: Kijowski's approach
	Brown-York (BY) Energy
	Epp's (E) Energy
	Liu-Yau (LY) Energy
	Misner-Sharp-Hernandez (MSH) Energy
	On radial boost invariance

	Raychaudhuri equation and the geometry of a timelike worldsheet
	Geometry of the worldsheet
	Raychaudhuri equation of a worldline
	Raychaudhuri equation of a worldsheet


	Quasilocal equilibrium thermodynamics
	Raychaudhuri equation and gravitational thermodynamics
	Quasilocal thermodynamic equilibrium conditions
	Helmholtz free energy density
	Work density
	Gibbs free energy density
	Internal energy density
	First law of thermodynamics


	Examples
	Schwarzschild geometry
	Friedmann-Lemaître-Robertson-Walker (FLRW) geometry
	Lemaître-Tolman (LT) geometry

	Local versus quasilocal equilibrium
	Quasilocal virial relation
	Discussion

	Quasilocal energy exchange and the null cone
	Mass-energy exchange: local, global and quasilocal
	Local approaches
	Global approaches
	Quasilocal approaches

	Null tetrad gauge conditions and the quasilocal calculations
	Raychaudhuri equation with the Newman-Penrose formalism
	A work-energy relation
	Energy associated with dilatational degrees of freedom
	Energy associated with rotational degrees of freedom
	Work done by tidal distortions
	Total energy
	On the boost invariance of the quasilocal charges

	Applications
	Radiating Vaidya spacetime
	The C-metric
	Lanczos-van Stockum dust

	The challenge of stationary, axially symmetric spacetimes
	Discussion

	Conclusion
	Bibliography
	Newman-Penrose Formalism
	Spin coefficients and curvature scalars
	Spin field equations
	Type-I Lorentz transformations
	Type-II Lorentz transformations
	Type-III Lorentz transformations

	Raychaudhuri equation in Newman-Penrose formalism
	Useful expressions
	Derivation of 
	Derivation of 
	Derivation of 
	Derivation of 
	Derivation of 
	Alternative derivation of 

	Other derivations
	Gauss equation of 
	Boost invariance of quasilocal charges:
	Transformation of  under Type-III Lorentz transformations
	Transformation of  under Type-III Lorentz transformations
	Transformation of  under Type-III Lorentz transformations
	Transformation of  under Type-III Lorentz transformations
	Transformation of  under Type-III Lorentz transformations



