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ABSTRACT

Loop gravity is a tentative theory to describe what happens at the Planck scale, the
scale at which both general relativity and quantum theory become equally important.
It comes in two versions. The canonical approach seeks to solve the Wheeler-DeWitt
equation and find the physical states of the theory. Spinfoam gravity, on the other
hand, takes a covariant path integral representation to define the transition amplitudes
of the theory. Both approaches use the same Hilbert space, but we do not know whether
they actually define the same theory.

In this thesis, I will present four results, all of which lie in between the two ap-
proaches. We start with the classical theory. When Ashtekar first formulated Hamil-
tonian general relativity in terms of self-dual (complex Ashtekar) variables the ADM
constraint equations turned into neat polynomials of the elementary fields. This was
a huge simplification and eventually initiated the program of loop quantum gravity.
For a number of technical reasons the complex variables have later been abandoned in
favour of the SU(2) Ashtekar-Barbero variables, and the simplification of the Hamil-
tonian constraint was lost again. These SU(2) variables are usually derived from the
Holst action, which contains the Barbero—Immirzi parameter as an additional coupling
constant.

After the first introductory chapter, we will use the original self-dual connection to
repeat the canonical analysis for the Holst action, while leaving the Barbero—Immirzi
parameter untouched. The resulting constraint equations depend on this parameter, yet
maintain a polynomial form. To guarantee that the metric is real, we have to introduce
additional constraints. These reality conditions match the linear simplicity constraints
of spinfoam gravity. They are preserved in time only if the spatial spin connection is
torsionless, which appears as a secondary constraint in the canonical analysis. This is
our first complex of results.

The next chapter is about the classical theory, and studies how to discretise gravity
in terms of first-order holonomy-flux variables. The corresponding phase space has a
non-linear structure. Twistors allow to handle this non-linearity while working on a
linear phase space with canonical Darboux coordinates. This framework was originally
introduced by Freidel and Speziale, but only for the case of SU(2) Ashtekar—Barbero
variables. Here, we develop the generalisation to SL(2,C), that is we use twistors to
parametrise the phase space of self-dual holonomy-flux variables. This is the second
result.

We will then discuss the spinfoam dynamics in terms of these twistorial variables, and
arrive at our third result: A new Hamiltonian formulation of discretised gravity. The
Hamiltonian comes with a continuum action adapted to a fixed simplicial discretisation
of spacetime. The action is a sum of the spinorial analogue of the topological “ BF”-
action and the reality conditions that guarantee the existence of a metric.

Chapter four studies the resulting quantum theory. Since the action is a polynomial in
the spinors, canonical quantisation is straightforward. Transition amplitudes reproduce
the EPRL (Engle—Pereira—Rovelli-Livine) spinfoam model. This is our final result. It
shows that spinfoam gravity can be derived from a classical action, with spinors as the
fundamental configuration variables.
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VORWORT

Von allen Grundkraften der Physik passt nur die Schwerkraft nicht zur Quantentheo-
rie. Als schwichste aller vier Wechselwirkungen (das sind die beiden Kernkréfte, die
elektromagnetische Kraft und eben die Gravitation) spielt sie fiir die Physik des Mi-
krokosmos keine Rolle; die Gravitation beherrscht die Welt im Grofen. Die allgemeine
Relativitdtstheorie liefert den mathematischen Rahmen. Einstein erklart die Schwer-
kraft aus der geometrischen Struktur von Raum und Zeit: Genauso wie die Kriimmung
der Erdoberfliche den Kurs eines Flugzeugs bestimmt (von Wien nach Washington
folgt der Pilot der kiirzesten Verbindung, einem Grofskreis, keiner Geraden), genauso
zwingt die Kriimmung der Raumzeit die Erde auf ihre Bahn um die Sonne.

Die Quantenmechanik spielt fiir die Umlaufbahnen der Planeten keine Rolle. Sie
beherrscht die Physik im Kleinen. Ort und Impuls eines Teilchens lassen sich als kom-
plementére Variable nicht gleichzeitig scharf messen, sind als Zufallsgrofen unscharf
verschmiert. Die Schrédingergleichung beschreibt diese Unschérfen als Wellenfeld in
Raum und Zeit. ,,Das FElektron trifft in zehn Minuten am Ort x ein.“ So ein Satz ist
der Quantentheorie ganz unbekannt, wir sagen stattdessen: , In zehn Minuten ist das
FElektron mit p(x)-prozentiger Wahrscheinlichkeit am Orte x.“

Den alten Streit um die Frage, ob es kleinste Teilchen gebe, oder die Welt aus einem
stofflichen Kontinuum bestehe, beendet die Quantenmechanik mit einem salomonischen
Urteil. Beides ist gleichermaften wahr, und héngt von der Fragestellung ab. In dem einen
Experiment enthiillt sich die Quantennatur der Welt: Angeregte Atome senden Licht-
teilchen nur ganz bestimmter Farbe aus — das charakteristische Orange der Strafenla-
ternen kommt vom Natrium. Ein anderer Versuch zeigt die Kontinuumseigenschaften
der Materie: Bei aufmerksamem Blick in eine Strafenlaterne kann man Beugungsringe
sehen, wenn im Augapfel die Wellen des Natriumlichts an kleinen Hindernissen streuen.

Was hat das nun alles mit der Gravitation zu tun? Nach Einsteins allgemeiner Re-
lativitédtstheorie hat das Schwerefeld der Erde stets iiberall einen fest vorhersagbaren
Wert. In der Quantenmechanik ist das nicht mehr so, hier gibt es nur mehr Wahrschein-
lichkeitsaussagen. Es kann nicht beides stimmen; entweder es gibt echten Zufall, oder
die Welt ist streng deterministisch. Aufterdem folgt alle Materie der Quantentheorie,
doch koppelt in immer gleicher Weise an die Gravitation. Damit miissen sich die Ge-
setze der Quantentheorie auch auf die Schwerkraft ibertragen. Wie die Quantentheorie
mit der Relativitdtstheorie zu versthnen sei, das weif freilich niemand so genau. Trotz
jahrzehntelanger, teils recht phantastischer Bemiihungen, fehlt uns noch immer eine
Theorie der Quantengravitation.

Was koénnen wir von einer Quantentheorie der Gravitation erwarten? Zunéchst miiss-
te sie alle bisherigen experimentellen Tests bestehen. Sie muss uns aber auch Fragen
beantworten, die iiber unser bisheriges Verstandnis weit hinausgehen: Was geschah beim
Urknall? Was sind die Quanten des Gravitationsfeldes? Ist vielleicht die Geometrie der
Raumzeit selbst gequantelt, gibt es gleichsam kleinste Raumatome? Was geschieht im
Inneren eines schwarzen Lochs?

Meine Doktorarbeit beschéaftigt sich mit nur einem Ansatz, diese Fragen zu beant-
worten, mit der loop quantum gravity wie die Theorie auf Englisch heifft. An erster
Stelle steht die Frage: Gelingt der Ubergang zur bekannten Physik? Dafiir braucht
es geeignetes mathematisches Handwerkszeug. Meine Doktorarbeit entwickelt solches



Werkzeug, und untersucht den klassischen Grenzfall der Theorie. Ich kann zeigen, dass
die Schleifentheorie im klassischen Limes sich als Vielteilchentheorie deuten lasst. Die
zugehorigen Punktteilchen bewegen sich allerdings nicht in Raum und Zeit, sondern
leben in einem zweidimensionalen komplexen Vektorraum, im Raume der Spinoren.

RESUME

La gravité quantique a boucles est une théorie candidate a la description unifiée de la
relativité générale et de la mécanique quantique & ’échelle de Planck. Cette théorie
peut étre formulée de deux maniéres. L’approche canonique, d’une part, cherche & ré-
soudre ’équation de Wheeler-DeWitt et & définir les états physiques. L’approche par
les écumes de spins, d’autre part, a pour but de calculer les amplitudes de transition
de la gravité quantique via une intégrale de chemin covariante. Ces deux approches
s’appuient sur a méme structure d’espace de Hilbert, mais la question de leur corres-
pondance exacte reste un important probléme ouvert a ce jour.

Dans ce travail de thése, nous présentons quatre résultats en rapport avec ces deux
approches. Aprés un premier chapitre introductif, le second chapitre concerne ’étude de
la théorie classique. Historiquement, I'introduction des variables d’Ashtekar complexes
(self-duales) dans la formulation hamiltonienne de la relativité générale fut motivée par
I’obtention d’une contrainte scalaire polynomiale. Cette simplification drastique est a
la base du programme de la gravité quantique & boucles. Pour un certain nombre de
raisons techniques, ces variables complexes furent ensuite abandonnées au profit des
variables d’Ashtekar-Barbero, pour lesquelles le groupe de jauge est SU(2). Avec ce
choix de variables réelles, la contrainte hamiltonienne n’est malheureusement plus po-
lynomiale. La formulation en terme des variables SU(2) réelles peut étre obtenue a
partir de 'action de Holst, qui contient le paramétre dit de Barbero-Immirzi comme
constante de couplage additionnelle. Dans un premier temps, nous allons utiliser les
variables d’Ashtekar complexes pour effectuer ’analyse canonique de I'action de Holst
avec un paramétre de Barbero-Immirzi réel. Les contraintes qui découlent de cette ana-
lyse canonique dépendent de ce paramétre libre, et ont ’avantage d’étre polynomiales.
Afin de garantir que la métrique soit une quantité réelle, un ensemble de contraintes de
réalité doivent étre imposées. Il s’avére que ces conditions de réalité correspondent aux
contraintes de simplicité linéaires utilisées pour la construction des modéles d’écumes
de spins. Ces contraintes sont préservées par I’évolution hamiltonienne si et seulement
si la connexion est sans torsion. Cette condition sur ’absence de torsion est en fait une
contrainte secondaire de I’analyse canonique.

La second chapitre concerne également la théorie classique, mais s’intéresse a sa
discrétisation en terme des variables de premier ordre dites holonomie-flux. L’espace
des phases qui résulte de cette construction posséde une structure non-linéaire. Le
formalisme des twisteurs permet d’accommoder cette non-linéarité en travaillant sur
un espace des phases linéaire paramétré par les coordonnées canoniques de Darboux.
Ce formalisme fut introduit par Freidel et Speziale, mais uniquement dans le cas des
variables SU(2) d’Ashtekar-Barbero. Nous généralisons ce résultat au cas du groupe de
Lorentz.

Nous étudions ensuite la dynamique en terme d’écumes de spins obtenue a partir
de ces variables, et développons une nouvelle formulation hamiltonienne de la gravité
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discrétisée. Ce nouveau formalisme est obtenu en écrivant ’action de la théorie continue
sur une discrétisation simpliciale de 'espace-temps fixée. L’action discréte ainsi obtenue
est la somme de 'analogue en terme de spineurs d’une action topologique de type BF et
des contraintes de réalité qui garantissent I’existence d’une métrique réelle. Cette action
est polynomiale en terme des spineurs, ce qui permet de procéder a sa quantification
canonique de maniére relativement aisée.

Le dernier chapitre s’intéresse & la théorie quantique obtenue suivant cette procé-
dure. Les amplitudes de transition reproduisent celles du modéle d’écume de spins
EPRL (Engle Pereira Rovelli Livine). Ce résultat est intéressant car il démontre que la
formulation de la gravité quantique en termes d’écumes de spins peut étre obtenue a
partir d’'une action classique écrite en terme de spineurs.

vil



Contents

[Prefacel

[Acknowledgements|

[1__Introduction|

(1.1 The problem| . . . .. . ... ...
1.2 The scale of the problem|. . . . . . . .. ... ... .. ... .......
1.3 Key concepts of loop gravity|. . . . . . .. .. ...

[2

Hamiltonian general relativity|

2.1 The Holst action and its boundary terms|. . . . . . . . .. ... ... ..
2.2 Selt-dual variables and 3+1split|f . . ... .. .. ... ... ... ....
2.3 Local corner Energy| . . . . . . . . ...
2.4 Hamiltonian analysis| . . . . . ... ... ... ... 0000
[2.4.1 Phase space, constraints and evolution equations| . . . . . . . ..
[2.4.2  Gauge transformations| . . . . . . . ... ... L.

2.5 Summary| . . . ... e
WSupplement: ADM formalism and Witten's proof] . . . . . . . ... ... ...
[Supplement: The Kodama state] . . . . . . . . .. ... ... ... ... ...,

The discretised theory|

viii

[3.1  Selt-dual two-forms, spinors and reality conditions for loop gravity| . . .
[3.1.1  Complex Ashtekar variables| . . . . . .. ... .. ... ... ...
[3.1.2 Spinors for loop gravity| . . . . . . . .. ... L.
[3.1.3  Reality conditions| . . . .. . ... ... ... ... 0.

[3.2  Hamiltonian dynamics for spintoam gravity|] . . . . . .. ... ... ...
[3.2.1  The discrete action on a spinfoam wedge|. . . . . . . . . .. ...
13.2.2  'The continuum action on a wedge|. . . . . . . . .. ... ... ..
[3.2.3  The constrained continuum action on an edge| . . . . . . . . . ..
[3.2.4  Dirac analysis of all constraints| . . . . . . ... ... ... ....
[3.2.5  Solving the equations of motion for the spinors| . . . . . . . ...

[3.5 Torsion and twisted geometries| . . . . . . .. . ... 0L
13.5.1 The role of torsion for the discretised theory|. . . . . . . . . . ..

15
22
25
27
32
37
39
43
45
67



Contents

[3.5.2  The Minkowksi theorem in Minkowski space|. . . . . . .. . ... 96

[3.5.3  The spin connection for twisted geometries| . . . . ... ... .. 99

[3.6  From spinors down to Ashtekar—Barbero variables|. . . . . . . . ... .. 104
[3.6.1 Solving the linear simplicity constraints| . . . . . . ... ... .. 104

[3.6.2  Ashtekar—Barbero holonomy and extrinsic curvature| . . . . . . . 109

[3.7 Summary| . . . ... 113
[Supplement: The holonomy| . . . . . . .. ... .. ... ... ... ... .. 115
[Supplement: The geometry of a four-simplex| . . . .. ... ... ... .... 118

4 Quantum theory| 124
[4.1 Canonical quantisation and physical states|. . . . . . . ... .. ... .. 124
[4.2  Local Schrodinger equation and spinfoam amplitude] . . . . . . . .. .. 129
[4.3 Summary| . . . . ... 132

5 Conclusion| 134
[5.1 Discussion of the key results| . . . . . ... ... ... ... 0. 134
[(b.2  Future research interests . . . . . . . ... .. ... L. 135

IA" Appendices| 138
[A.1 The Lorentz group| . . . . . . . . . . . .. ... . ... . ... 138
A.2 Spinors and the Lorentz group| . . .. ... ... ... ... ... .... 139
A.3 SU(2) spinors and the bra-ket notation|. . . . . ... ... ... .. ... 143
[A.4 Unitary representations| . . . . . . . .. .. ... ... ... ... ... 144
[A.5 Symbols and conventions|. . . . . . . ... Lo 146

[B Bibliography| 150

1X



Preface

Two nights ago, on June 17th at 23:40, I saw a bright star moving fast from West to
East in the sky over Marseille. Today I learnt it was the international space station
(ISS). Artificial satellites are among the very few devices that bring the two scientific
revolutions of the twentieth century together: The atomic Clockaﬂ7 that will soon fly to
the ISS, will work according to the principles of quantum theory, and general relativity
will tell us how fast they run. Yet, we do not need a quantum theory of gravity to
understand time measurements in low earth orbit.

In fact, for all everyday problems quantum theory and general relativity live in
splendid isolation. This is no longer true once we reach the Planck scale, where we
have to face questions that go beyond the two: What happened at the big bang? What
is the final fate of an evaporating black hole? Are there quanta of space? What is the
microscopic origin of Hawking radiation?

Today, theoretical physics lacks the unifying language to explore these questions,
but there are promising research lines aiming for the goal: String theory, loop quan-
tum gravity, causal dynamical triangulations, the asymptotic safety scenario, twistor
theory, supergravity, non-commutative geometry and many other ideas seek to solve
the trouble. By all measures, string theory, is the most successful and also the most
ambitious proposal—it aims for a theory of everything. This thesis is about another
approach, loop quantum gravity, which is its most prominent competitor.

I first studied loop quantum gravity in Austria, during a joint seminar of the Univer-
sity of Vienna and the Vienna University of Technology. Aichelburg and Balasin, gave
an introduction to the theory, then the students had to present some selected papers.
I spoke about the Mathematical Structure of Loop Quantum Cosmology by Ashtekar,
Bojowald and Lewandowski [1].

The kinematics of the theory is very well understood, excitations of geometry can be
neatly visualised as polyhedra glued among their facets. The area of a surface, angles,
lengths and volumes turn into operators on a separable Hilbert space with discrete
Planckian spectrum. For the dynamics the situation is different, our knowledge is
fragmentary and incomplete. The spinfoam approach explores this gap, and seeks to
define the transition amplitudes of the theory. It is the main focus of this thesis.

The most important result of my research concerns the mathematical foundations of
the theory. I can show that there is a classical theory behind spinfoam gravity. This
is a truncation of general relativity to a fixed discretisation of spacetime, a version of
first-order Regge calculus, with spinors as the fundamental configuration variables. The

“The ACES (Atomic Clock Ensemble in Space) will consist of two atomic clocks on board the ISS,
perform tests on special relativity, general relativity and search for time variations in the fine structure
constant. Launch is scheduled for 2016.



action is a one-dimensional integral over the edges of the discretisation. The spinors are
canonical coordinates on the phase space of the theory, and there is a Hamiltonian gen-
erating the evolution equations. This makes quantisation rather straightforward. The
resulting transition amplitudes agree with those proposed by the spinfoam approach.

To develop this result, we need some preparations. The introduction is followed by
chapter [2| that studies the Hamiltonian formulation of general relativity in first-order
tetrad-connection variables. Although this is mostly a review, it contains some new
insights, that are important for the rest of the work. I have distributed the main results
of my thesis over the other two chapters. The classical aspects appear in chapter [3] This
is where I derive the action of the theory. Chapter [4] develops the quantum theory. I
have also added several supplements. They contain further results and some additional
background material. The thesis ends with the conclusion and five appendices.

Over the course of my doctoral studies I wrote and contributed to several articles, all
of which are listed below. This thesis collects only some of them, mainly those [P1-P4,
P7] that are linked by the appearance of self-dual variables. If have also added parts
of [P5] and [P6] to the thesis. These two articles do not mention complex variables,
but they still fit very well into the thesis. Notice also, that all authors are ordered
alphabetically, reflecting the impossibility to distinguish individual contributions, if
ideas are shared and grow from lively debates among the collaborators.

Marseille, Summer 2013
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“Have we any good reason for thinking space-time is continuous? Do we
know that, between one orbit and the next, other orbits are geometrically
possible? Einstein has led us to think that the neighbourhood of matter
makes space non-Euclidean; might it not also make it discontinuous? It is
certainly rash to assume that the minute structure of the world resembles
that which is found to suit large-scale phenomena, which may be only sta-
tistical averages. These considerations may serve as an introduction to the
most modern theory of quantum mechanics, to which we must now turn
our attention.”

Bertrand Russell, The Analysis of Matter, (1927)
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Introduction

1.1 THE PROBLEM

Quantum theory tells us nature is intrinsically probabilistic. The numbers computed
from the Born rule do not reflect a lack of experimental precision, but teach us that
there is a fundamental limit of how much we can know about a quantum system [2(-4].

General relativity, on the other hand, is a deterministic field theory for a Lorentzian
metric on a four-dimensional spacetime manifold. The theory completes the revolution
of Faraday and Maxwell: Fields are the only things existing. The points and coordinates
of the spacetime manifold lack a universal operational interpretation, they acquire a
physical meaning only after having solved the equations of motion. What matters are
events, and the relation among them [5].

Quantum field theory in curved spacetime [6-8| is the closest the two theories get,
but yet it rests upon the particular properties of a fixed background geometry. To build
the Fock space, and speak about the particles as the quanta of the field, spacetime must
be asymptotically stationary at late or early times—but a general solution of Einstein’s
equations has no isometries whatsoever. Quantum states belong to hypersurfaces of
constant time—but in general relativity there is no preferred foliation of spacetime.
Field operators separated by a spacelike distance commute—but if the metric becomes
an operator, and distances are no longer sharply defined, what does this mean for
locality?

The lesson from general relativity is that gravity is not merely another field in
Minkowski space, but gives geometry its very shape. Heisenberg, on the other hand, has
taught us that quantum fluctuations are an inevitable consequence of & > 0. If gravity
is to be quantised, the minute structure of spacetime itself should undergo quantum
fluctuations. But if there is no absolute background structure with respect to which
we can measure time and distance, what should these fluctuations ever refer to?

Beside these conceptual difficulties, there is the lack of a universal strategy of how
to solve the trouble. The earliest idea was to use perturbation theory. If we expand
the Einstein equations around a classical solution, they turn into the field equations for
weak gravitational waves propagating at the speed of light. The quantum theory for the
resulting spin two particle (the graviton) is however perturbatively non-renormalisable,
which renders its high-energy limit physically meaningless [9,(10]. Additional symme-
tries may cure the problem. This was the hope of supersymmetry and conformal gravity.
Neither of them work. In supergravity the divergences reappear at higher orders, while
conformal gravity breaks unitarity |[11H13|. String theory [14-17], on the other hand,



1 Introduction

gave the perturbative program new impetus. Gravity is no longer a fundamental field,
but strings are the elementary building blocks of everything existing. The strings are
moving in a fixed ten-dimensional background geometry, but this background is not
arbitrary: The renormalisation-group equations imply the Einstein equations for the
background metric coupled to a dilaton (a Brans—Dicke type of field) and a tower of
additional fermionic and bosonic particles. Gravity only emerges at an effective level.

The non-perturbative approach takes another road to quantum gravity. Instead
of adding further symmetries to improve the convergence of the perturbative expan-
sion, this program argues for the symmetries that the theory already has at a non-
perturbative level: The finite coordinate transformations, that generate the diffeomor-
phism group. Loop quantum gravity [5,/18-21] is a particular realisation of this idea.
It is the main subject of this thesis.

Beside string theory and loop quantum gravity, there is a whole zoo of other well-
developed lines of research: Quantum Regge calculus and causal dynamical triangu-
lations [22-25| propose a gravitational path integral. Asymptotic safety studies the
renormalisation-group equations for generalised gravitational actions, and argues that
the coupling constants approach a fixed point for high energies [10,26|. Hofava—Lifshitz
gravity also tries to make sense out of ordinary perturbation theory: It abandons general
covariance at short distance, and seeks to recover general relativity only at a macro-
scopic scale [27]. Non-commutative geometry turns the inertial coordinates of four-
dimensional Minkowski space into operators hoping this would remove divergences at
short distances [28]. Twistor theory [29-32] takes light rays as the fundamental building
blocks; wherever two of them intersect this defines an event, which makes spacetime
itself a derived entity. Entropic gravity [33] is an approach where gravity is not a
fundamental force, hence needs not to be quantised at all, but emerges as an effective
description of some unknown microscopic theory. The books by Kiefer and Oriti [34}35|
give an excellent overview of many of the approaches mentioned.

Before we go into more details, let us first understand the scale of the problem.

1.2 THE SCALE OF THE PROBLEM

Combining the charge e and mass m, of an electron with Planck’s constant A we can

build the Bohr radius )
h

e2m,’

ap (1.1)

This number has a universal meaning. It is the scale at which quantum mechanics
prevents the electron from falling into the nucleus—the fundamental scale of atomic
physics.

Combining Newton’s constant G with the speed of light ¢ and &, we can build another
length scale. This is the Planck length:

[87hG
lp = 7;3 : (1.2)

Once again this constant is universal. It is the scale at which both quantum theory and
general relativity become equally important. To understand how this scale emerges,
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let us study a simplified version of an argument that goes back to Bekenstein and
Mukhanov [36437].

Consider two gravitating particles of mass m that are in a common orbit around
another, separated by a distance 2r. The total angular momentum of the system is

L = 2mwr?, (1.3)

where w is the orbital frequency of each individual particle. Newton’s law implies that
for each particle the gravitational acceleration balances the centrifugal force, thus

Gm?
2
= . 1.4
MW = - (1.4)
Let us now bring in Bohr’s quantisation scheme for the angular momentum:

L =2mwr®=hj, jeNs. (1.5)

This reveals, just as in atomic physics, that the spatial extension of the system is
quantised. For the radius, the allowed values in powers of j are:
h2 2
r=2J_
Gm3

(1.6)

Putting 7 = 1 we reach the innermost radius allowed by quantum mechanics. This
radius further shrinks as we increase the mass of the system. Can it become arbitrarily
small? Probably not, and the reason is this:

Consider the velocity of the particles. Keeping 7 = 1 fixed, wr grows quadratically
with m, we have:
B Gm?
wr =

So far, we have only used Newtonian gravity and some aspects of quantum theory. But
from Einstein’s theory of special relativity, we know nothing can move faster than the
speed of light. The particles at the innermost orbit reach this limit once m is of the

m = \/E (1.8)

At this point the system has found its minimal size, which is of the order of the
Schwarzschild radius of a Planckian mass black hole. Going beyond this limit the
system should disappear behind an event horizon.

(1.7)

order of the Planck mass:

Let us now repeat the construction for all other values of j. Just as before, the j-th
orbit shrinks as we increase the mass of the system. From general relativity we know
this process has a limit. There is no orbital motion beyond the event horizon. The
event horizon appears where wr is of the order of ¢. This implies, that the smallest
possible orbit has a radius that scales linearly with the square root of j. In fact, it
circumscribes a circle with an area of the order:

hG
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A similar formula appears in loop quantum gravity, where the area of a surface turns
into an operator on the Hilbert space of the theory [38,39]. For an elementary surface,
the eigenvalues of this operator are given by the numbers:

rBhG  — ]
Aj = fg J(G+1), 2j €Ny, (1.10)

where 5 > 0 is the Barbero-Immirzi parameter, which enters the theory as an additional
coupling constant.

Although there is no obvious relation between the chain of arguments that has led us
to and the derivation of , I think, we can learn something important here.
In this section, we have reached the Planck scale by considering a bound gravitational
system—the Newtonian analogue of a hydrogen atom. Calculating the energy levels of
a hydrogen atom is a straightforward exercise in non-relativistic quantum mechanics.
Yet, this turns into a difficult problem when it comes to quantum field theory (QFT);
bound states are difficult for QFT. At this point quantum chromodynamics (QCD)
often serves as a prototypical example: At high energies quarks are asymptotically
free, and we can very well use ordinary perturbation theory to compute scattering
amplitudes. At low energies quarks are however confined to form compound particles.
These are bound states, and the S matrix is not so much the object of our interest
anymore. In the confined phase we better use lattice-QCD, which is another kind of
approximation.

If physics at the Planck scale resembles what goes on in bound systems then pertur-
bation theory may very well be the wrong tool to study quantum gravity. We should
better use a non-perturbative approach. This is the perspective of loop quantum grav-
ity, that does indeed share key features with lattice-QCD. But what is loop quantum
gravity?

1.3 KEY CONCEPTS OF LOOP GRAVITY

Loop gravity |5}/18-20L|40] is a quantum theory of holonomies and fluxes. But what are
holonomies and fluxes, and why should they play a major role in a quantum theory of
gravity?

Holonomies measure the parallel transport along a line v. We can define them for
any gauge connection. In the prototypical example of electromagnetism (a U(1) gauge
theory) the holonomy is nothing but the exponential h,[A] := el 4 e ¢ 17 (1) of
the vector potential A, integrated over «. For the definition of the fluxes, on the
other hand, we have to first study the canonical structure. Looking at the Lagrangian,
we can identify the electric field E* as the canonical momentum, and thus find the
Poisson brackets: {E%(Z), Ay(%)} = 0203 (# — ¢). The momentum variable defines a
two—formﬂ which we can naturally smear over a two-dimensional surface obtaining the
electric flux: E[f] = %ff dz?® A daleqp. B¢, We can now choose paths v1,72,... and
surfaces fi, fa,... to arrive at a whole set of holonomies and fluxes. What makes these
variables important for the quantisation program is that they close under the Poisson

“If the configuration variable is a p-form then the momentum (in three spatial dimensions) must
be a (3 — p)-form.
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bracket, and thus form an algebra—the holonomy-flux algebra. If we go to the non-
Abelian case this feature survives [41,42|. In our prototypical example of a U(1) gauge
theory the only non-vanishing Poisson brackets are in fact: {E[f], hy} = in(y, f)h~,
where n(v, f) is the intersection number between ~ and f.

For loop gravity the relevant vector potential was discovered by Ashtekar, Barbero
and Immirzi [43-45]. They have shown that general relativity admits a canonical
formulation on the phase space of an SU(2) gauge theory. The canonical variables are
the SU(2) Ashtekar-Barbero connection AP, and its conjugate momentum—this
is the densitised triad E;*. The fundamental Poisson brackets among these variables
are: {E;%(p), A4(q)} = SWGB/CS(SZJ-(SZ‘}(S(?’) (p,q), where the so-called Barbero-Immirzi
parameter 5 > 0 enters the classical theory as a free number.

What is the geometric interpretation of these variables? For the densitised triad the
situation is simple. If e’, denotes the cotriadlj on a spatial slice, then the non-Abelian
electric field of the theory is nothing but £;¢ = %eilmﬁ“bcelbemc, where €, (ﬁabc) is the
Levi-Civita tensor (density). The Ashtekar Barbero connection A%, on the other
hand, is a mixture of intrinsic and extrinsic data. The two ingredients are the intrinsic
Levi-Civita connection I'Y, on the spatial slice (itself functionally depending on the
triad via the torsionless condition: a[aeib} +eilmfl[aemb] = 0) and the extrinsic curvature
tensor K, (the second fundamental form). The Ashtekar-Barbero connection is the
sum of these two terms weighted by the Barbero-Immirzi parameter: AP, .= T, +
Be? Ky,

Once we have a phase space we can try to run the program of canonical quantisation
in order to define the kinematica]m Hilbert space of the theory. In loop quantum gravity
we do however not start from the continuous Poisson brackets {E;*(p), A7} = ...,
but rather look at the reduced phase space of holonomies and fluxes. This is motivated
by the loop assumption [46,/47]:

The loop assumption: At the smallest scales, holonomies and fluxes can
capture all gravitational degrees of freedom.

In a quantum theory the state of the system is represented by a complex valued
functional of the configuration variable, in our case we take this to be the connection,
and are thus searching for functionals W[A(®)?,]. If the curvature is concentrated on
one-dimensional defects, it suffices to consider a collection of holonomies A, , hy,, -+ €
SU(2) to uniquely characterise the vector potential up to gauge transformations (see
[46./48] and references therein). We can thus restrict ourselves to wave-functionals of
the form: W [AP.] = f(hy,, Ry, ...), where f is a function on a number of copies
of SU(2). Functionals of this type are called cylindrical, we say in fact: A functional
‘I/f[A(ﬁ)ia] of the connection is cylindrical with respect to a graph@ '=(1,.--7N)
I’ (symbolically denoted by ¥ € Cyly) if there is a function f on N copies of SU(2)
such that W [APY,] = f(hy,,..., hyy), and we say ¥ € Cyl if there is a graph T' such

“This is an orthonormal basis in co-tangent space, ¢ = 1,2,3 are internal indices, while a, b, ¢, ...
are abstract indices on the spatial slice.

"The kinematical Hilbert space is only an auxiliary object needed to turn the classical constraints
(the Gauf law, the vector and Hamiltonian constraints) into operators. Implementing the dynamics
amounts to find the solution space of the constraints: Physical states are those that are annihilated
by the constraints.

" A graph T is an ordered collection of piecewise differentiable oriented paths v;, i =1,..., N < oo.



1 Introduction

that ¥ € Cylp. What is important about these functions is that between any two of
them there is a natural inner product: if ¥y and ¥y are cylindrical with respect to
the same graph we set:

<x1/f,qu,>F:/ oy 100 gt U T O OIS U U, (111
SU(2

where dpihaar(U) is the normalised Haar measure on the group. This inner product
can be generalised to introduce an inner product on all of Cyl: For any two functions
VU, d € Cyl we can always find a graph I' large enough such that both ¥ and & are
elements of Cylp. The symmetries of the Haar measure guarantee that the resulting
number (¥, ®)r is independent of the actual graph under consideration: (¥, ®)r =
(U, ®)pr, if U, P € Cylp and also U, ® € Cylp,. We can thus equip Cyl with a natural
inner product and turn it into a Hilbert space [49].

To speak about physical states we also have to impose the constraints. For the so-
called kinematical states this can be done with remarkable ease: The Gauft constraints
restricts us to the SU(2) gauge invariant subspace of Cyl, while the vector constraint
identifies any two states that a diffemorphism can map into another. [19]

Penrose’s spin network functions [50] form the most common orthonormal basis in
the resulting Hilbert space. Excitations of geometry can neatly be visualised as fuzzy
polyhedra glued among their facets [51-55|. Area, angle, length and volume turn into
self-adjoint operators with a discrete Planckian spectrum [38}39,56-59]. The Hilbert
space of a single tetrahedron may serve as a minimal example to illustrate the resulting
quantum geometry. A classical tetrahedron is characterised by six numbers, e.g. the
lengths of the six bones bounding the triangles. These numbers depend on the metric
tensor, hence turn into operators once gravity is quantised. Yet, we cannot diagonalise
all of them, simply because they do not commute among another [41|. Therefore, a
quantised tetrahedron lacks a true shape. If we make some of its geometrical properties
sharp, others become fuzzy. The most common choice for a complete set of commuting
operators consists of the four areas and one dihedral angle, or four areas and the volume
of the tetrahedron.

For the dynamics the situation is different, no such clean physical picture is available.
There are two ideas of how to define the dynamics of the theory. The first idea [19,/40]
follows Dirac’s program of canonical quantisation [60]. This uses the Hamiltonian
formulation of the theory, which rests upon a spatio-temporal decomposition of the
spacetime manifold. Picking a time-coordinate breaks general covariance, only spatial
diffeomorphisms remain manifest. Four-dimensional coordinate invariance is restored
only dynamically by the Hamiltonian constraint. Its quantisation yields the Wheeler—
DeWitt equation [61]. The second idea looks for a covariant path integral formulation.
This comes under the name of spinfoam gravity [20,62], which is the main focus of this
thesis.

However these two approaches will ever manifest themselves, they should just be two
ways to define the very same physical theory, and indeed, at least at a formal level, this
it what happens [63] in the Wheeler-DeWitt theory: The path integral gives transition
amplitudes that formally solve the Wheeler-DeWitt equation. Whether this is true
also for loop gravity is one of the most important consistency checks for the theory. I
cannot give a conclusive answer to this question, but I can show that spinfoam gravity
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comes from the canonical quantisation of a classical theory. This is a version of first-
order Regge calculus [64], with spinors as the fundamental configuration variables. I
will present this result in chapters [3] and [d] It should be a convincing evidence that
spinors provide a universal language to bring the two sides of the theory together.



2

Hamiltonian general relativity

Classical mechanics follows from the quantum theory in the same way that geometri-
cal optics is a consequence of the fundamental Maxwell equations. Schrodinger’s key
idea on the way to quantum theory was to reverse this logic. Reading the Hamilton—
Jacobi equation as an eikonal approximation to the dynamics of the matter waves he
could postulate his famous equation, and immediately calculate the energy spectrum
of the hydrogen atom. This was one of the most impressive achievements of twentieth
century’s theoretical physics.

The program of canonical quantisation follows this insight, and start with the Hamil-
tonian formalism of the theory. Section[2.1]looks at the action. Working with first-order
tetrad-connection variables we can replace the usual Einstein—Hilbert—Palatini action
by the Holst action [65] without ever changing the classical dynamics of the theory.
To make the variational principle well defined, we will specify the boundary conditions
and study the boundary terms added to the action. In the presence of corners we
will also need additional two-dimensional integrals, that must be added to the usual
Gibbons-Hawking—York boundary term. [66-71] Section looks at the three-plus-one
split of the theory in terms of self-dual variables. Section gives an application of
the formalism thus developed. Studying the Hamilton—Jacobi equations of the theory,
we will introduce a local notion of gravitational energy. The result will match what
has been recently reported by Frodden, Gosh and Perez, who studied the gravitational
energy as measured by a family of uniformly accelerated observers. [72,73| This gives
yet another independent derivation of their results. Section [2.4]introduces the Hamilto-
nian formalism in terms of complex Ashtekar variables [43]. The system of constraints
contains both first- and second-class conditions. The first-class constraints generate the
gauge symmetries of the theory, while the reality conditions are needed to guarantee
the existence of a metric geometry.

This chapter has two supplements, in the first of which we will review the ADM
(Arnowitt—Deser—Misner) formalism of general relativity in terms of metric variables
[74]. We take a finite region of spacetime, with the topology of a cylinder and study
the appropriate boundary and corner terms. Repeating Witten’s proof [75,76] of the
positivity of the ADM mass |77H79], we will then give a motivating example illustrating
the power of spinorial methods [29,30]. In fact, spinors will play a prominent role in
the following chapters. The second supplement looks at the Kodama state [80H89],
which is a formal solution of the quantised Hamiltonian constraint. Although it does
probably not give the vacuum of the theory [90], this state has recently regained some
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attention. The idea is that it could be related to a certain deformation of the theory
needed to introduce a cosmological constant [91-95].

2.1 THE HOLST ACTION AND ITS BOUNDARY TERMS

Loop quantum gravity rests upon the possibility to recover the ADM phase space in
four spacetime dimensions from the kinematical framework of an su(2) (respectively
5[(2,C)) Yang-Mills gauge theory. The easiest way to find the underlying connection
is to start from the Holst actionlj and perform the Hamiltonian analysis. In terms of
the cotetrad (also: covierbein) field 7, and the so(1, 3)-valued spin connection w®g we
can write this action as the following:

h 1 1
SHolst[n7w> n, Z] = |:/ (iea,@uuna A 776 A ]:Hy[w] — 2N A Ty A ]:My[w]_'_
M

263 E
A
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_1_ h
- / apun®2’ n AnY :} = ﬁ(IM + Ion + Is). (2.1)
o P

Preparations Compared to the original paper [65] we have added a cosmological con-
stant, and boundary terms needed to make the action functionally differentiable. Oth-
erwise the variational principle remains obscure. This we will discuss in a minute.
Before doing so, let us first clarify notation and terminology, which is further explained
in the appendices.

Beside the cosmological constant A (with dimension of an inverse area), two more
coupling constants appear, 0 < § € R is the Barbero-Immirzi parameter and fp =
\/8mhG /c3 is the reduced Planck length. We will see, the Barbero-Immirzi parameter
does, however, not enter the classical equations of motion, but can only affect the
quantum theory. Setting 8 — oo, brings the action back into a more familiar form.

The connection one-form w® g is dimensionless, this is also true for the curvature two-
form F*,; the cotetrad n“, on the other hand, has dimensions of length, and therefore
the whole expression has the correct dimensions of an action, i.e. dimensions of h.
We fix the sign conventions for both the metric 7,4, used to move internal indices
(a,B---€{0,1,2,3}), and the internal Levi-Civita tensor e,g,,, by setting ny = —1,
and €p123 = 1. The action also contains the curvature of the so(1, 3) connection, defined
by Cartan’s second structure equation:

Fglw] = dwg +w, Awhg. (2.2)

We are considering a four-dimensional spacetime region M, the boundary OM of which
consist of two spatial regions ¥y and 3; (with the topology of a three-dimensional
ball) meeting at a two-sphere S = 0% = (0%1)~!. Figure gives an illustration
of the lensoid geometry. The timelike normal of M is n®, written in internal space

“In fact it is rather misleading to call it that way. Holst though proving this action naturally
leads to the SU(2) Ashtekar—-Barbero variables, did actually not introduce it first. This was done by
Hojman et al. [96] already in the 1980. I'm grateful to Friedrich Hehl for pointing this out.
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N
w5, ——

Figure 2.1: We are considering a lensoid region M in spacetime, the boundary of which
consists of two parts. The top and bottom ¥; and Xg are spatial three-
dimensional surfaces, their future oriented time-normal we call n®. The two-
dimensional corner S bounds both ¥; and Xg. It has spacelike outwardly
oriented normals z§ and z{*, that are tangential to ¥ and ¥, respectively.

this becomes n® = n%,n% We also take n® on both g and 31 to be future oriented.
The tangent space of S is two-dimensional, and so is its orthogonal complement TS~ .
The internal vectors (ng,z§) are a basis in T'S* (once mapped back by the tetrad
towards ordinary tangent space); n§ is the future oriented normal to ¥ while 2§ is
perpendicular to .S and points towards the outside of the three-dimensional hypersurface
Y. The same holds for the dyad (n{, z{); n{ is the future oriented normal of 3, while
z{* lies tangential to ¥; and is outwardly oriented (when looking from ;). Again
figure [2.7] should further clarify the geometry. Let us also note that we can put the
indices (0,1) referring to the actual slice ¥y and ¥;, wherever we want, and declare
e.g. nt = nagn’f . In a supplement to this chapter we will study a similar geometry of
cylindrical shape, with the appropriate boundary and corner terms in the action, but
this time in the metric formulation.

To make sense of the integrand, spacetime must be orientable. Fixing an orientation
in M also induces an orientation on the boundary. We say, the ordered triple (z,y, z) €
T, x T3 x T'¥q is right-handed, if (n, x,y, 2) is positively oriented in M, while on ¥
we do the opposite, and declare (z,y, z) to have positive orientation, only if (—n, z,y, 2)
is positively oriented in M. For both cases n is the future oriented time-normal of the
respective hypersurface. Finally, we also fix the orientation on the corner .S, and declare
(x,y) € TS x TS to be positively oriented if (n, z,x,y) is positively oriented in M,
with z € T'S being a vector pointing outside of the spatial interior ¥; of S.

Let us now calculate the variation of the action. We want to show two things. First
of all we would like to recover the Einstein equations from the action , and see
why the additional Holst-term o 37! [ A Tu Ay A FHY does not affect the equations of
motion. Next, we should identify the boundary conditions needed for the variational
principle to be well defined. This means, we have to prove the variations of the action
vanish, if both equations of motion and boundary conditions are satisfied, i.e.:

2

5( = 0. (2.3)

SHolst) ‘EOM+BC

Before we can actually show this, we have to explain two further elements appearing
in the action. This is the exterior so(1,3) covariant derivative D with respect to the

10
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spin connection w®g, and the relative rapidity = of the two spatial hypersurfaces. The
covariant derivative acts on any tensor—valuedlj p-form 192 ag follows

D122 = dp™*? 4w g A goﬁag"' + w5 A cpalﬁ"' +. (2.4)

The rapidity =, on the other hand, is nothing but the Minkowski inner product of the
two respective normals, i.e.:
shZ = nagng‘zf. (2.5)

Equations of motion To show equivalence of the theory derived from the action ([2.1]
with general relativity let us study the variation of each term in the action separately.
We start with the integral I;; over the bulk. This contains the curvature two-form.
Looking at , and noting that the variation commutes with the exterior derivation,
i.e. dd = dd, we soon find the variation of the field-strength to be:

§F%5 = Dow’ 5. (2.6)

Calculations become more transparent when introducing the tensors

1 1

Q= 5% Ba,g 5, 0% = 5 55‘[‘ 52, (2.7a)
One of which is the inverse of the other:
(OQ) BMV = (QO) ﬂ;w = Q BpUOp py = —7(5L 551 (28)

;32
With the help of Stoke’s theorem we can perform a partial integration and eventually
find the variation of the bulk term:

A
oIy = / <2Qa,3uu577a AP A FH (W] - 3 CaBurn” A n® At A+
M

~2QapuwDn® AP A &W) +2 / Qapwn™ AP A Swh. (2.9)
OM

The first integral gives the equations of motion in the bulk. We are in a first-order
formalism, which implies that we can independently vary both the connection and the
tetrad. Employing the inverse of (), i.e. using equation , the variation of the
connection in the bulk leads us to:

Dyl APl = 0. (2.10)

If the tetrad is non-degenerate, i.e. the volume element

1 1%
dhoy, = Eeab’uvna AP At AR #£0 (2.11)

does not vanish, which we always assume in the following, this implies the vanishing of

torsion
0% .=Dn“ =0. (2.12)

“This refers to a tensor in internal space. Notice also, that our definition can immediately be
generalised to mixed tensors with both covariant and contravariant indices in internal space.

11
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This can be seen as follows, let © be a Minkowski-valued one-form such that APl =
0. Employing the antisymmetry of the wedge product this immediately yields

AN AR = - A AnpHt = -0V An® Ant. (2.13)
Again using ©1% A 9Pl = 0 we thus get:
0=0 A A = —0Y Angle At = —0Y An™ At (2.14)
Therefore, O A 18l = 0 implies also:
O An* AP =0. (2.15)
If the tetrad is non-degenerate this is the same as:
" = 0. (2.16)

We have thus already identified one of our equations of motion. This is the vanishing of
torsion , that we can solve algebraically for the spin rotation coefficients w*”,, :=
Wt ame® in terms of the tetrad and its first derivatives. The resulting connection induces
the unique Levi-Civita derivative V, we write:

if:Dn*=0&D=V. (2.17)

Next, we have to consider the variation of the tetrad. To this goal, let us first observe
that the Holst modification of the action, i.e. the addition of the term B_lnﬂ Any NEFHY
disappears if the torsion-free condition is satisfied. The vanishing of torsion
implies one of the Bianchi-identities:

DO = D™ = Fos A = 0. (2.18)
Where we used the definition of the curvature, i.e. D? = F. Equation ([2.18) puts the

Holst term to zero:
— B Ay A FH = 0. (2.19)

Therefore, if the torsion free condition is satisfied, and the geometry is non-degenerate,
we have

v 1 v
Qaﬁ,uunlg NFH [w] = Qeaﬁuunﬁ N FH [w] (2'20)

Looking back at (2.9)), we can thus read off the equations of motion derived from the
stationarity of the action, and get:

4 A 14
eagu,,(nﬂ A FH w] — §77’8 Ant An ) =0. (2.21)

Decomposing the field strength into its components, i.e. setting F,, = %]—"Wagna AP,
we can put this into the more familiar form:

1
Fruple] = 5057w [w] + MGG = 0. (2.22)

In the absence of torsion—well imposed by one of our equations of motion, i.e. equation
(2.12)—the field strength F,,ag[w,n| equals the Riemann curvature tensor R,,qz[n],
introducing the Ricci tensor R, = R%,q,, together with the curvature scalar R = R¥,,
we thus recover the Einstein equations with a cosmological constant.

12
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Boundary conditions The requirement for all remaining terms in dSyst to vanish
on—shel]lj will give us the missing boundary conditions. Before actually doing so, let
us first introduce some additional structure. We define the three-dimensional internal
metric, together with the intrinsic three-dimensional Levi-Civita tensor:

hag := nang + 1Nas, €aBu = N €vaBu- (2.23)

By the same argument that gave us the variation of the curvature (2.6) we can find
that the covariant differential of the time-normal obeys:

(Dn*) = Dént + dwh,n”. (2.24)

If em : OM — M is the canonical embedding of the three-dimensional boundary into
M, and em* denotes the corresponding pull-back, we trivially have

neem*n® =0, hg%m*n® = em*n°, (2.25)
Using the decomposition of the identity to write dw"” = —ntn,dw?” + h* WP equation
(2.25) thus leads us to:
5IM’ —1/ €ap naAnﬁ/\&u‘“’—l/ n /\ngAéwaﬁ
- « v o
BOM 2 Jon B Jom

1
= —/ €aBun™ N A n#n 0w’ — 5/ Na Ang A ho‘ph’BU(Swp". (2.26)
oM oM

We thus eventually get for the variation of the boundary term Iyy; as defined in (2.1))
that:

Son = — 2/ €aBuon™ N nﬁ A nt*Dn? — 2/ €aBun™ N 77/3 A ont*Dn”+
oM oM

+ 2/ €apu DN A nPnton? — / €aBun™ A n? A ntow” ,nP+
oM oM
- / d(eapun®™ A n° n*on"). (2.27)
oM
The normal being normalised, we have
naon® =0 = n,Dn®, (2.28)

revealing that both dn®, and Dn® are purely spatial in the internal index. This implies
the second term in vanishes. Summing (2.26) and (2.27)), just as in we see
the first term in the second line of cancels against the fourth term of . For
the remaining terms to vanish, we have to demand boundary conditions on both the
connection and the tetrad, a short moment of reflection reveals that

o em™on® =0, hH o hY g em*dw® =0, (2.29)

does the job. We are thus left with a total derivative, and an additional term containing
the variation of the normal. This is the third term in (2.27). Demanding stationarity

“Le. once the equations of motion are satisfied.

13
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also for the variations of the normal, implies the vanishing of the three-dimensional
torsion
em* (eas, D™ A nﬂ) =0. (2.30)

This equation holds already true if there is no four-dimensional torsion ([2.12)) anywhere
appearing. So we do not learn anything new by varying n®. The only term remaining
is thus a total derivative. By Stoke’s theorem this turns into an integral over the corner
S = 0% = 0%, L' (where the exponent shall remind us of the respective orientation of
the manifolds), and we get:

5([]\/[ + IBM)‘EOM—l—BC = — /aMd(EO‘B/Wna A 776 n“én”) =

= _/S(eaﬁﬂVn /\’f] n 5”1 _Eaﬁuyn /\77 ngéno) (231)

Inserting the additional spacelike normals zf and z{' of S we can write this also as:

0 1
&(Inr + Ionr) ’EOM—i—BC = /Seuvaﬁn‘leyna A ”ﬁ('zp‘sng - Zpéné))’
where we’ve used the invariance of the e-tensor under Lorentz transformation to get
€Ny 2] = €pvapny 2y - (2.32)
Corner term The only term that remains to study is the integral Ig over the two-
dimensional corner S. We will now show that this term cancels all variations of the
action once both boundary conditions and equations of motion are satisfied. Let us

first consider the variation of the corner term. The boundary conditions ([2.29) demand
all variations of the two-dimensional volume element vanish, schematically:

/S‘S(eaﬂuvna AnPnrt) .. ‘BC = 0. (2.33)

The only possible variation of the two-dimensional corner integral can therefore only
come from =:

6IS‘BC = —/Sea,gm,no‘zﬁn“ AnYO=. (2.34)

We can readily compute this variation by writing one dyad in terms of the other:
n{ chZ —shE\ [ng
= . 2.
(zf‘) (—shE ch E) (zg‘ (2.35)

6shZ = chZ 0= = 0nd 2% + n262¢ = chE6nl 28 + chEnlo2f. (2.36)

Hence

If we compare the last line with equation (2.32)) we see all variations of the action @
vanish if both the boundary conditions (2.29)) and the equations of motion, i.e. ([2.22
and ([2.12) are satisfied, and we have thus proven:

8(Ins + Tons + IS)‘EOM—i—BC = €0 2] N ( [1)571’1’ —I—néézf) =

€aBuvn] 2] N (5(,2 nf) =0. (2.37)

e
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2.2 Self-dual variables and 3+1 split

Summary Let us briefly recapitulate the last pages. Starting from the Holst action,
augmented by the appropriate boundary and corner terms, we took both the connection
and the tetrad to be kinematically independent. Indeed, the relation between the two
is only given dynamically by the torsionless condition , algebraically fixing w®g
in terms of the tetrad and its first derivatives. Then, for the variation of the action to
vanish, it is not enough to impose the Einstein equations . We also need boundary
conditions , that tell us to keep the intrinsic geometry of the three-dimensional
boundary surface fixed, while allowing for arbitrary variations of the extrinsic data.

2.2 SELF-DUAL VARIABLES AND THREE-PLUS-ONE SPLIT

The subject of this section shall be the spatio-temporal decomposition of the Holst
action , that we have previously introduced. We will seek for this 3+1 split in
terms of complex Askhtekar variables, which are geometrically natural when looking
at the chiral aspects of spacetime. The action, thus established, assumes a canonical
form—Ilooking at the action, we can readily identify the Hamiltonian generating the
time-evolution and the constraint equations. The following sections will then further
explore this action, its constraint equations and the Poisson algebra they generate.

The self-dual action Let us start with some algebraic preparations to introduce the
self-dual formulation of gravity. The self-dual projector
1 g i
PP = 5 (0505 = 5¢w) (23%)
maps any so(1,3) element ¢z towards its self-dual component pos et which is an
element of the complexified Lie algebra. This projector is orthogonal to its complex
conjugate, and we thus have:

P pro,, =P, PP P, =0. (2.39)

If we replace now all contractions between the curvature two-from F*? and 1, A 13
appearing in the bulk contribution I;; to the action by the self-dual projector, we get
the self-dual action of gravity. This is the following complex-valued functional of both
connection and tetrad:

A

el = [ Pasu B0 A (F11] = 52 (2.40)

Here, we have implicitly defined the Plebanski two-form, which is the infinitesimal area
element

Zag[n] = na A g (2.41)

The bulk action Iy itself, is the real part of the self-dual action weighted by a complex-
valued coupling constant containing the Barbero—Immirzi parameter 8 € Rx.:

B+i
EETIRCRENT:

Omitting the complex conjugate, we would work with a complex action, which could
cause troubles if we are interested to eventually quantise the theory. Now, both the area

+ 5,_ iSC. (2.42)

Iy =
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2 Hamiltonian general relativity

element 3#,, and the field strength F*, are so(1, 3)-valued two-forms. The universal
cover of the Lorentz group is SL(2,C), and we can thus equally well use sl(2, C)-valued
two-forms instead. The isomorphism between the two respective Lie algebras, including
all missing definitions can be found in the appendix [A71] Accordingly, we introduce
5[(2,C)-valued fields capturing all components of the Plebanski two-form, the field
strength and the connection. We write

, 1 .
Y=Y X" = §6mm2mn + izlo, (243&)
A 1 ,
F=F'1:F = iemm}'mn +1Fg, (2.43b)
w=uwlr W= §emmwmn + iw'. (2.43c¢)

Here, we have implicitly introduced a complex basis {1; = %0’1‘}2‘:17273 in s((2,C), where
o; are the usual Pauli matrices. The spatial Levi-Civita symbol €, (with €193 = 1)
codes the corresponding structure constants, while the flat Euclidean metric d;; and its
inverse move all these indices up and down. We can thus decompose any ¢ € sl((2,C)
as ¢ = p'1; = ;¢ and call ¢ € C? its self-dual components.

Since the two respective Lie algebras sl(2, C) and so(1, 3) are isomorphic, the self-dual
part of the curvature tensor is nothing but the curvature of the self-dual connection.
Schematically PF|w] = F[Pw], or more explicitly:

. 1.
Flw] = dw' + Eellmwl Aw™. (2.44)

A few algebraic manipulations reveal the self-dual action (2.40) in terms of the s[(2,C)
valued two-forms 3 and F, the result is:

Sclnl = [ Sl (Flel = 50l) = 2 [ o[si A (Flel - 520)]. 249)

The next step is to actually decompose this action into its spatial and temporal com-
ponents. This obviously needs two ingredients, which are space and time, and we will
start with the former.

Choice of time General relativity lacks any preferred Clocksﬂ; time is an additional
concept, and we now have to make a choice for it. We thus select a time function
t: M — [0,1], that foliates our lensoid region into spatial hypersurfaces ¥;, = {p €
M]|t(p) = to}, and strictly increases for all future oriented observers. The initial slice
is Yo while Xq refers to the final hypersurface, figure gives an illustration and
some more details. The hypersurfaces all meet at the corner S, that is, we ask for
0¥, = S,Vt € [0,1]. Any two of them are diffeomorphic, thus suggesting to work
with an abstract three-dimensional manifold ¥, and use a one-parameter family of
embeddings,

emy: X — X, C M, Vtel0,1] (2.46)

“Of course, once we know a physical line element it may select preferred observers, but this only
comes after having solved the equations of motion. Another possibility is to deparametrise the theory
and use certain matter fields as natural clock variables, cf. [97.(98]
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2.2 Self-dual variables and 3+1 split

mapping space into spacetime. To consistently integrate over 3, we need an orientation,
that we choose so, that it matches our conventions for 31 that we have agreed on earlier;
we say, (z,y,2) € TS x TY x T'Y is positively oriented, if (n, emy,z, emy,y, emy,z) has
positive orientation in M, where emy, is the push-forward (the differential map of em;
from ¥ towards ¥;), and n denotes the future oriented surface normal of ;. Sitting on
one of these hypersurfaces, and asking how things evolve in ¢, we need to know how we
can go to an infinitesimally close neighbouring surface ¥y, .. Again, there is no unique
way to do so, simply because of general covariance. We just have to make a choice,
which amounts to pick a future directed vector ﬁeldlj t € TM, that “ticks” in the rate
of t. By this we mean

de(t) = tudt = 1. (2.47)

In this line we have introduced the “hook™notation, this is nothing but the interior
product between a vector field and a p-form resulting in (p — 1)-form. Let us mention
the definition, if ¢ is a p-form on M, and Vi,...,V,, are vector fields in M, V;_p is
defined by saying (Vi) (Va,..., V) = o(V1,...,V}).

Curvature and connection Having established a time variable ¢, together with a flow t
that we use to move between neighbouring hypersurfaces, let us now better understand
the geometry of those equal time slices. We thus seek to split any of our configura-
tion variables into their temporal and spatial components, in order to identify those
quantities that are intrinsically related to the spatial geometry itself.

We thus call for any sl(2, C)-valued p-form ¢’ on M the pullback em} (t_p?), which is
an sl(2, C)-valued (p—1)-form on ¥, its time component, while the spatial part—denote
it f? for the time being—defines a p-form on X:

fbi=em}(¢"). (2.48)

Next, we would like to introduce derivatives, and we start with velocities, that tell us
how geometry changes when we pass from one ¢ = const. slice to and infinitesimally
close hypersurface. We define the time derivative of f? in the most natural way one
could think of, that is:

g d . .

ft= &emf (¢') = em; (Leg"). (2.49)
The velocity f* is therefore nothing but the four-dimensional Lie derivative of ¢! in
the direction of t, pulled back onto the spatial hypersurface ¥. Then we also need
the induced covariant exterior derivative on 3. We call this D, and introduce the
(p+ 1)-form Df? on ¥ by setting:

Dft =dft + e, AL A f™ A' = emful. (2.50)

We can prove, that this definition of D matches all requirements needed for D to be
an exterior covariant derivative on Y. We now have covariant exterior derivatives on
both ¥ (i.e. D) and M (i.e. D), and we should ask how to write the first in terms of

"The reason why we do not use abstract indices, and not call this vector field like everyone else |8]
t® instead, is very simple. In the following we will use abstract indices a, b, c, ... exclusively for the
intrinsic geometry on the spatial slice. So far, we have not used any index notation for 7'M, and I do
not find it useful to introduce it just for one single equation.
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2 Hamiltonian general relativity

the latter. If f! = em}¢’ is the projection of ¢ onto the spatial hypersurface a short
moment of reflection provides us the desired relation:

Df":= emj (Dy"). (2.51)
This, together with the definition of the respective curvature tensors:
D2ft = € FE A 7, D2 = €y FE A ™. (2.52)

immediately implies that the pullback of the spacetime connection coincides with the
spatial curvature itself:

F' = em}(F"). (2.53)

Having identified the spatial part of the four-dimensional field strength, we now look
at its temporal component, and get:

tiF =t. (dwi + %eilmwl A wm> = tadw’ + d(taw')+
—d(taw’) — €t Ataw™ = Lew — D(tw'). (2.54)
Introducing the time component
A" = emj (t_w') (2.55)

of the spacetime connection, we see that the four-dimensional field strength measures
the velocity of the connection. We have, in fact

emj (tuF') = A' — DAY (2.56)

Here we’ve also used the definition of the Lie derivative on M, i.e. the equation
Lo = d(tap) + ti(dy), while for the intrinsic Lie-derivative on ¥ we would use
another symbol and write simply Lx instead.

The action in time gauge. To split the integral of the Lagrange density £ (implicitly
defined by ([2.1)) over M into an integral over space and time, we proceed as follows:

/Mﬁz /0 L /Z em? (tL). (2.57)

We will do this in a certain gauge, that considerably simplifies calculations, and aligns
the surface normal n® of the t = const. hypersurfaces ¥; with the time-direction in
internal Minkowski space, and we thus set:

nt =nten® = 8f. (2.58)
This is equivalent to saying, that the spatial part of n° vanishes:
0 =em}n°. (2.59)

This is a rather innocent gauge condition, for we should think of the internal space as
an abstractly given manifold lacking any preferred 0-direction whatsoever. In that case
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2.2 Self-dual variables and 3+1 split

n# is just the only structure available to pick such a time-direction in internal space.
The alignment of internal time direction and the hypersurface normal is not necessary,
but simplifies the Hamiltonian analysis. In fact, a number of authors have devel-
oped a Hamiltonian formalism without this gauge condition [99-104]. Classically both
formalisms are equivalent, but subtleties could only arise once we go to the quantum
theory. This has been argued most prominently by Sergei Alexandrov, in e.g. [105,{106].

Equation gives four out of 4 x 3 = 12 spatial components of n*. The remaining
3 x 3 =9 components define the cotriad on the spatial manifold through the pull-back:

e’ =emin' (cotriad), (2.60)

Thus far, we have introduced the spatial components of n*, its temporal components
define lapse and shift:

N = em; (t_mO) (Lapse function), (2.61a)
N’ =emj(tan') (Shift vector in internal space). (2.61b)

In the gauge defined by (2.58]) the real and imaginary parts of the Ashtekar connection
(2.50]), correspond to the intrinsic s0(3) connection on the spatial slice, and the extrinsic
curvature tensor K, = K',e;, respectively. More explicitly:

1
' ' ' "= §emmem;fwmn (so(3)-connection),
Alg =Tl +iK'g: { | (2.62)
K' = emjw'y (extrinsic curvature).

It is also useful to know about the spatio-temporal decomposition of the self-dual
component of the Plebanski two-form ([2.43a)), we call its spatial part the densitised
triad—the name should become clear in a moment. We define:

1
B = —em} (%)) = §eilmel Aem. (2.63)

Geometrically, this is an su(2)-valued two-form. Now, the metric-independent Levi-
Civita densitylj 7% allows us to map any two-form into a vector valued density. We
can thus write equation (2.63)) equally well as

1
B = §ﬁ“bceilmelbemc. (2.64)

If the cotriad is invertible, there is a triad e;* such that

e'qe; = 0. (2.65)

In this case, the spatial volume element does not vanish:
3 1 ) l m 1 ~abc a l —m
d’ve = geilme ANe' Ne™ = gn eimetieve™ e, (2.66)

It {z'} are coordinates on the spatial slice this is defined as 7°°¢ = dz* A dz? A dz® 8{-‘8]'-’ 05, which
transforms covariantly under changes of the coordinate system. There is also the inverse density 7ape

implicitly defined by setting ﬁabcgdef = 3!5&525;].
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2 Hamiltonian general relativity

and we can understand why we have called F;* the densitised triad. The reason is,
that (2.64)) is now equivalent to:

B = d3vee, (2.67)

which is the triad weighted by the volume element, i.e. a density. Equation (2.63))
defines the spatial part of the Plebanski two-form, for the temporal component our
definitions of lapse function, i.e. (2.61al), and shift vector, i.e. (2.61b]) both lead us to:

em; (E15;) = eminN"e" + iNe;. (2.68)

The set of equations giving the spatio-temporal decomposition of flux, i.e. both
(2.68) and (2.63), and curvature, i.e. both (2.53]) and (2.56)), collect everything needed
to split the self-dual action (2.45)) into an integral over space and time:

1 , A .
Sc = / dt/ emf (EZ‘ ANEIF + a3, NF' — gt_@,» AN El) =
0 P
! 1 ~abc I .m At i 1 ~abc m_n
= dt ( - 577 €ilm€ b€ C(A a — DoA ) + 5"7 €minN'""€" o F et
0 b
' A . .
+ %Nﬁ“bcemFlbc + gﬁ“bceilm (ekmeena + iNela)elbemc) (2.69)

We can bring this expression into a more recognisable form. If the triad is invertible,
implicitly always assumed in the following, then we can switch between internal space
R3 and tangent space TS back and forth. We can thus map the shift vector
towards tangent space and thus work with the quantity

N® = ¢;*N* (2.70)

instead. We will also frequently use the rescaled lapse function N, which is a density
of weight minus one, implicitly defined by:

Nd®v, = N. (2.71)

Again, this definition of N, works only if the spatial volume element ([2.66|) is non-
degenerate, i.e. the triad be invertible. Repeatedly using the epsilon-identity:

%k (d3ve)? = 3'B B E°, (2.72)

we can eventually bring (2.69)) into its most common form:
1
Sc = / dt/ [ — E° (Ala — DQAZ) + NaFZabEib—i-
0 b

i A A
+ SN ("B Bl + ge“mgabcEﬂEjbEkC)} . (2.73)
The simplicity of this action becomes apparent when looking at the equivalent expres-
sion (2.215)) in the ADM formalism, discussed in a supplement to this chapter. We
will see, writing down the ADM action requires both to know the inverse of the spatial
metric hgp, = €;q€'p, the square root of its determinant and also its spatial derivatives
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2.2 Self-dual variables and 3+1 split

up to second order. Unlike that, the action discussed here, contains only first deriva-
tives of the connection, linearly appearing either in the symplectic potential E;%At,
or in the field strength F?,, but nowhere else. Even more prominent is this: The
Lagrangian is a polynomial of the configuration variables, this polynomial is of third
order in the densitised triad F;%, while the Ashtekar connection A’, appears only up
to second order. All the non-analytic properties of the ADM Lagrangian have been
absorbed into a convenient choice of variables.

In this section, we have so far only been exploring the contribution to the action
coming from the bulk, i.e. Ij; in . The two remaining parts belong to the three-
dimensional boundary 0M = Yy U X1, and the boundary S = 031 of the boundary
itself. Employing the definitions of the densitised flux and the extrinsic curvature
in time-gauge n* = §}/, we can write the boundary and corner terms for our choice
of variables as

Ion = —2/ Ez'aKia‘t,l + 2/ EiaKia‘t,O = —2/ EiaKia‘if(), (2.74a)
by - by N by B
Ig= -2 / EiZ'E. (2.74D)
s

Here, 2z € R? denotes the outwardly pointing normal 2z of ¥; mapped into internal
space, i.e.: 2 = ely2% Notice also the appearance of the Gibbons-Hawking York
boundary term in the first line, E;*K*, is nothing but the trace of the extrinsic curva-
ture tensor weighted by the three-dimensional volume element on the spatial slice.

The action is a sum of the contribution from the bulk, that we have further
split into its self- and anti-self-dual parts, and the boundary terms for both the three-
dimensional hypersurfaces Yo, 31, and the two-dimensional corner S. We have:
2?%[— Biglsc—l-ﬂwlkgc%-fmw-i-fs : (2.75)
This action is functionally differentiable only if we respect the boundary conditions
(2.29). Having agreed on time-gauge these conditions reduce to the following
requirements on the variations of the elementary fields:

S Holst =

0B |50y =0, 0T, =0, (2.76)

The densitised flux diagonalises the spatial metric hq, via (d3v.)?h% = (5ijEz-anb,
the su(2) connection I'Y;, on the other hand, defines an intrinsic so(3) connection
on the spatial slice. We thus see the boundary conditions require that the
intrinsic spatial geometry be fixed, while there are no restrictions on the variations of
the extrinsic geometry coded by the extrinsic curvature tensor K., = K'qeip, and the

additional multiplier fields N, N® and A’

Concluding remarks Summarising the last couple of pages, we took the action and
performed a 3+1 split using self-dual variables. During this process, the action has
always remained the same, and the Barbero-Immirzi parameter has been left
untouched. Working with complex Ashtekar variables A’, = TI', + iK%, does not
amount to put S =1 in the action.
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2 Hamiltonian general relativity

2.3 LOCAL CORNER ENERGY

We saw, for the variation principle to be well defined the Holst action must acquire
additional terms, one being the Gibbons—Hawking—York boundary term [66,67] for
first-order tetrad-connection variables [68], the other belonging to the two-dimensional
corner, i.e. the boundary of the boundary. Having already explored the mathemat-
ical properties of this additional corner term, it is now time to ask for its physical
role. Studying an accelerated observer close to the corner S (see figure for an
illustration), we will see, the two-dimensional boundary integral measures the local
gravitational energy. The energy, thus uncovered, will match what has recently been
studied in a series of pioneering articles by E. Frodden, A. Gosh and A. Perez, who
boosted the understanding of thermodynamical properties of accelerated observers in
both classical and quantum gravity [73,[107]. In this section we will present another
look at these results, and rederive them directly from the Hamilton—Jacobi equation of
general relativity. This section is based upon the results partially published together
with E. Bianchi [108].

First of all we must agree on some simplifying assumptions. We expand the metric
Gab = Dgap+eWgap+. .. close to the corner S (that have the topology of a two-sphere)
in powers of the ratio

L
= —x1 2.77
SV (277)

of the two typical length scales of the problem; L is the proper distance from the corner
S, and A is its area. Employing the principle of general covariance, we introduce a
family of accelerated, static (non-rotating) observers that stay at fixed distance from the
surface S, such that the line element assumes the asymptotic form of a two-dimensional
Rindler metric plus the line element on the two-surface S. We can thus write:

A
ds® = —?L%d=2 + dL? + Edoz +O(e). (2.78)

Here we have introduced the observers’ rapidity =, defined just like in given
above, together with the induced two-dimensional metric A/(47)do? on the corner. A
typical example of such a geometry is given by the near-horizon approximation of the
Schwarzschild spacetime. In this case (using the standard Schwarzschild coordinates in
the exterior region of the black-hole solution) A = 16w M? is the area of the horizon,
do? equals the induced metric d? + sin? 9 dy? thereon, the observers rapidity is = =
t/(4M), while the asymptotic expansion of the Newton potential in powers of ¢ yields
(1—2M/r) = L?/(4M)*(1 + O(g)). There is, however, no need to restrict ourselves to
this particular geometry, as shown for a wide class of black-hole solutions in reference
[107].

Staying at a fixed distance L, above the surface, the rapidity = measures the ob-
server’s proper time 7 according to

Lo(1+0 L
dr = O<+C(€)>d5 ~ fdz. (2.79)
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2.8 Local corner Energy

Here, and in the following “~” means equality up to terms of higher order in €. Next,
we match the time functioxﬂ t: M — R previously introduced with the proper time 7
of the observer at the distance L,. If 7(7) is the observer’s trajectory parametrised in
proper time 7 we thus ask for ¢(y(7)) = 7.

With a notion of time, that agrees with physical duration as measured by an accel-
erated observer, there should also come a notion of gravitational energy. The relation
between time and energy becomes particularly clear when looking at the Hamilton—
Jacobi equation and realising one as the conjugate of the other. Let us thus briefly
recall those aspects of the Hamilton—Jacobi formalism that we will need in the follow-
ing. Consider a one-dimensional mechanical system, that shall share with the general
theory of relativity the absence of a preferred notion of time. The configuration vari-
ables be ¢ € R, that measure location, and proper time 7. The canonical momenta
be p and E respectively, where E stand for the energy. Call S(q¢, ¢i; 7¢, 7;) Hamilton’s
principal function, i.e. the action

1
5= [ dt(pi~ H(p.) (2.80)
0

evaluated on a solution of the equations of motion to the boundary value problem
q(t;) = @, q(ty) = qf, and 7(t;) = 73, 7(ty) = 74. Hamilton’s principal function is a
solution of the Hamilton—Jacobi equation:

8‘9((]7 qis T, Ti)

. 2.81
T (281)

p= aS(Qv qis T, TZ)) _ _aS(qa qis T, Ti)

E=H (q’ dq or
Since the energy is conserved, the solution of the Hamilton—Jacobi equation is only a
function of the time interval 7; — 75, and there is no dependence of 7; + 7 therein.
Performing a Legendre transformation, that amounts to keep the energy fixed while
allowing for arbitrary variations of 7y —7;, we can remove the 7-dependence in favour of
an energy dependence, eventually revealing what is sometimes called the characteristic
Hamilton function S(qf,qi; E) = E - (1 — ;) + S(qf,q:; 7, 7). Taking the derivative
with respect to the energy we get the conjugate variable, which is the observer’s proper
time elapsed when passing from ¢; to ¢;:

as(ngq“ B (2.82)

Looking at the analogous equation for the gravitational action we will now read
off the observer’s energy. Hamilton’s principal function is the action evaluated on a
solution of the equations of motion, its functional differentials define energy and time
through equations and . We thus need to study variations of the action
around a solution of the equations of motion. Working in a first-order formalism these
are the Einstein equations together with the torsion-free condition, i.e. equations

“In the beginning of this chapter we have fixed ¢ to the values ¢t = 0, and ¢ = 1 on the initial and
final slices respectively, this restriction must now be relaxed for = to assume arbitrary values in R.
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2 Hamiltonian general relativity

and (2.12) respectively. We look back at equations (2.26)), (2.27) and (2.36) and see
that we have already computed those variations explicitly, and thus readily find:

1
§(In + Tom + IS)‘EOM =73 o Na A Mg N (hauhﬂu&v“”)

— / €aBud(N™ A 775) A ntDn” — / 5(6aguynazﬁn“ ANY)E.
oM S
(2.83)

Let us rewrite this expression in a more compact form. Using time gauge (2.58]) and
employing our definitions for the densitised triad E;* and for both the extrinsic cur-
vature K%, and the intrinsic so0(3)-connection T, (collected in equations (2.63) and

(2.62)) respectively) we get:

—2/5E ANK"

5(IM+L9M+IS /EA&F’ ‘—2/5Ez )=, (2.84)

where we have also introduced the internal outwardly pointing normal z' = e’,2®
of the two-dimensional corner S. The first term is a total divergence. This becomes
immediate when first looking at the functional differential of the pullback of the torsion-
free equation onto the spatial slice. In fact:

Dni =0= De' =de’ + €', Ae™ =0 = Dde’ + ¢,,0T A e™ =0, (2.85)

where have implicitly introduced the exterior covariant derivative ® = d+ [I', -] on the
spatial slice. Inserting (2.85) into the first term of (2.84)), and once again using Stoke’s

theorem, we arrive at an integral over the two-dimensional corner:

1 : 1 .
/E A ST = /ezlme Ael A ST = / e NDde; = /ez/\éei. (2.86)
2 Js 2 Js

Let us also mention, that this additional corner term, often identified with a symplectic
structure of a Chern—Simons connection, plays an important role in the semiclassical
description of black-hole horizons in loop quantum gravity [109-112]. In our case we
can drop this term, because the variations of the triad should be everywhere continuous.

This in turn implies:
/ei Adei|, = / e’ /\5ei‘t . (2.87)
S > Js !

We have thus achieved to compute the functional differential of the Holst action
evaluated on a solution of the equations of motion, and immediately see Hamilton’s
principal function is only a functional of the densitised triads, simply since no functional
differential of the connection components ever appears:

[I

h a 771t '—'
o]0 = 2| JRER / 5(E)z]. (2.88)

The last term is the desired expression, that we want to compare with (2.81)) in order
to read off the energy. This term consists of two elements, one being the rapidity =,
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2.4 Hamiltonian analysis

while the other measures the area A of the corner in terms of the flux of E through S
by:

1 .
A= / Bzt == / €itmz' €' A e™, (2.89)
s 2 /s

where 2° denotes again the outwardly pointing normal of ¥ = S in three-dimensional
internal space. Next, we also need to better understand how the observer’s rapidity
= can actually measure the elapsing proper time. Taking our simplifying assumption
on the asymptotic behaviour of the metric at a distance L, close to the corner S, i.e.

employing equation ([2.78)), we find:

- Ty T
= ct—0. 2.90
T (2:90
And thus get
0 SHolst _ hery—m (2.91)
JA |EOM 2 L, '

Looking back at the defining equation for energy and time, i.e. equations ([2.82] ,
we can identify the energy FEp, of the gravitational field as measured by the local

observer to be:
he A

Eb kK~ ——o5 —. 2.92

" 2 L, (2.92)
Consider now a process where the observer can exchange gravitational energy with the
region beyond the surface S, call Eg the energy stored therein, and let d Eyyx and d Eg
be the change of energy in the two respective regions. If we assume energy conservation
this process must obey

0 Fpuk + 6Eg = 0. (2.93)

If the observer moves without ever changing the distance from the corner we thus get

ct 5A

0P~ — ——.
5™ 8rG L,

(2.94)
This equation coincides with the local form of the first law of black-hole thermody-
namics as introduced by Frodden, Gosh and Perez. It states that for an uniformly
accelerated observer flying at fixed distance L, above the surface S, any process re-
sulting in an increase d A of the area of the surface is accompanied by a change d Fg of
the energy stored behind the surface S. We can see in below and reference [113|
how this formula reappears also in the quantisation of the theory.

2.4 HAMILTONIAN ANALYSIS

The Hamiltonian formalismlj splits the Euler-Lagrange equations of motion into two
distinguished parts, each of which plays a geometrically different role on the auxiliary
phase space Pyux of the theory. First of all, there are the evolution equations. Physical
motions follow the Hamiltonian vector field Xy = {H,-} € TPaux on phase space

“The book of Henneaux and Teitelboim [114] gives an excellent overview, a more condensed intro-
duction can be found in the appendices of Thiemann’s monograph [19].
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2 Hamiltonian general relativity

Paux, where {-,-} denotes the Poisson bracket thereon. This gives the dynamics of
the theory. Next, there are the constraint equations (let us call them C), = 0 = FJ,
pw=1,...,n, I =1,...,2m for the time being), which are those parts of the Euler—
Lagrange equations that have no time derivatives in the canonical variables.

Within the set of constraint equations we can make a further distinction and separate
first- (here: C,, = 0) and second-class (here: F; = 0) constraints from another. The
first-class constraints are those that closeﬂ under the Poisson bracket, which is the same
as to say that their Hamiltonian vector fields X¢, lie inside the constraint hypersurface
Py = {x € Paux : Cu(r) = 0 = Fr(x)}. This has important consequences, for they
generate the gauge symmetries of the theory. Let us explain this in some more detail.
The Hamiltonian is always linear in the first-class constraints, H = H, + A*C),, where
A are the Lagrange multipliers enforcing the constraint equations. The equations of
motion do not fix these gauge parameters A*, and we can thus choose them as rather
arbitrary functions on phase space. Changing them from A} to A{' + )5, amounts to
add the constraint ey C,, to the Hamiltonian. Continuously increasing € moves the ini-
tial motion—a trajectory x(t) = exp(tXp)[ro] € Paux—along the Hamiltonian vector
field M X, towards an infinitesimally neighbouring path . (t). Since the Hamiltonian
vector field \j Xe, = d%arg is tangential to the constraint hypersurface P,, this pro-
cess can never take us out of P,. Therefore, given a point x in P,, all points within
the fibre [x] = {y : y = exp(M X, )[z], VA* € R"} generated by the action of the
first-class constraints must be identified as one and the same physical state [z]. The
evolution equations, on the other hand, must preserve this bundle structure, that is,
they must map states onto states and rigidly move the fibres around, which happens
only once the Hamiltonian weakly commutes with all the constraints. Each first-class
constraint projects the corresponding gauge orbit into a point, and removes, therefore,
two unphysical degrees of freedom from the auxiliary phase space Payx-

The second-class constraints F;r = 0, on the other hand, are everything what is left
in the set of constraint equations. They do not form an algebra or, more geometri-
cally speaking, their Hamiltonian vector fields always lie transversal to the constraint
hypersurface. There is, however always an even number of them, as shown in e.g. [19].
Starting with an auxiliary phase space P of 2IN dimensions, equipped with n first- and
2m second-class constraints, we are thus left with 2(N — n — m) physical degrees of
freedom. The resulting orbit-space Pphys = {[z] : € P,} carries a natural symplectic
structure. The corresponding Poisson bracket, the Dirac bracket {-,-}*, lives on this
orbit space, but can actually be lifted to the full auxiliary phase space P where it
defines a degenerate symplectic form.

At this point, the Maxwell equations in vacuum often serve as a prototypical example.
In the Hamiltonian framework, the electric field E? is the conjugate momentum of the
vector potential A;, and the only non-vanishing Poisson brackets of the elementary
variables are {E'(Z), A;(§)} = 656(& — ). Half of the Maxwell equations are already
solved by introducing the four-potential A,, and writing F),, = 0,4, — 0, A,. The
remaining equations, are the evolution equation for the electric field 9,F* = 9,0'A* —
00" AL, and the GauR law 9; E' = 0. Lacking any time-derivatives, this is a constraint
equation. Its Hamiltonian vector-field generates the gauge symmetry of the theory.

“That is: VI, p, v : {Cu,Cv} = 0= {C,, Fr}, where “~” means here, and in everything that follows
equality up to terms vanishing on the constraint hypersurface.
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2.4 Hamiltonian analysis

These are the transformations A; — A; — 9;A. The Hamiltonian H = %fRS d?’m(E_:2 +

B2 20; E'A), with A = Ag being the time component of the four-vector potential Ay,
Poisson-commutes with the Gaufs constraint, and measures the energy of the system.

2.4.1 Phase space, constraints and evolution equations

Looking at the action as it is written in equations , that is after having
already split all configuration variables into their spatio-temporal components, we can
now readily introduce a Hamiltonian formulation of the Einstein equations in terms
of first-order connection variables. We will achieve this reformulation without actually
ever performing a Legendre transformation. Although this would certainly be possi-
ble, the very structure of the action strongly suggests not do stoically apply
the canonical algorithm to eventually find a Hamiltonian. The action already
assumes a Hamiltonian form, performing a singular Legendre transformation would
introduce an unnecessarily large phase space containing canonical momenta associated
to densitised lapse N, shift vector N to A’ and to both the densitised triad E;* an
the SL(2,C) connection A%,.

Our strategy will be different. Carefully looking at the action, we will just guess the
corresponding phase space in order to divide the Euler-Lagrange equations of motion
into evolution equations generated by a Hamiltonian and a system of constraints, which
are both of first- and second-class.

Let us start with the constraint equations. We take the variation with respect to
the variables A’, N, and N appearing in the action and realise the following

quantities must vanish:
The Gauk constraint:  G;[A!] = —/ (AiDaHi“ +cc.) =0, (2.95a)
b))

EOM

The vector constraint:  H,[N?] = / N (FpIL" + cc.) 0, (2.95b)
b

02 ;
Hamiltonian constraint: H[N]= -2 N( b e, F LI,
h » 6 +1
A% ip% . EOM
T;WEllmﬂabCHiaHlemc + CC.) = 0. (295C)
Where we have implicitly introduced the abbreviation
h B+i _ h B—i
IL* = +— B4, I,*=—-———EFE;". 2.96
' +2z1% g ' 202 i (2.96)

This shall be our momentum variable, it is an sl(2, C)-valued vector density on the
spatial slice 3. Notice, also, that the list of constraint equations is perfectly well
defined for any given pair (I;%, A7;) of field configurations, not necessarily subject to
the restrictions (2.96]) given above. This is, in fact, how we shall think from now on of
the constraint equations (]E .

Working in the time gauge ED, the densistised triad F;* as defined by takes
values in the Lie algebra of the rotation group. For the triad to be real its boost part
must vanish, which turns into the reality condition

18 ., 1B =\ EOM
<5+1H" +5_1HZ> OM . (2.97)

o
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2 Hamiltonian general relativity

In the original approach of Ashtekar [18] the Hamiltonian analysis started from a
complex action, which was basically v/—1 times the self-dual action introduced in above
. Although this amounts to replace the Barbero—Immirzi parameter 5 in the
action by the imaginary unit, this does not allow us to say, that the reality
conditions for the self-dual theory were nothing but the analytical continuation of
to imaginary values of 8. In fact, there is quite some confusion in the literature
as to what are the right reality conditions for the case of 8 = i, and, I think, II;* = 0,
would not be the correct choice [115,/116]. Looking at the action and putting
8 =1 we can identify the conjugate momentum of the connection to be II;* = %Eia.

If we demand the triad to be real, i.e. E;* = E;%, this implies the reality condition
IL,* + II,* = 0, which coincides with equation only in the limit § — co. In the
following we will, however, never work with a complexified Barbero—Immirzi parameter
(in contrast to e.g. [115-118|), and always keep 5 > 0.

Introducing real and imaginary parts of II;*, later corresponding to both boost and
rotations, i.e setting hL;* = II;* + I1;%, and ihK;® = II;* — II;%, the reality conditions
turn into:

p

C;* = zl%m (K;*+ BL;*) = 0. (2.98)

This is one of the key equations of spinfoam gravity. In the next chapter, we will see,
how this equation defines the transition amplitudes of the quantum theory.

Thus far, we have only introduced constraints, obtained by taking the variation of
the action with respect to the Lagrange multipliers. The next step concerns the vari-
ations of both the connection and the densitised triad. This will give us the evolution
equations together with an additional secondary constraint. The variational principle
rests upon the boundary conditions, that depend on the topology of the manifold. We
keep working in a spacetime region of lensoid shape, and take the foliation previously
introduced, as also sketched in figure Therefore, the t = const. hypersurfaces all
meet at the corner S. This is possible only if the vector field t following the flow of
time vanishes at the corner. Looking back at the defining equations for lapse and shift,

ie. 2.61b)) we see this implies:
N|5207 NQ|S:O> (299)

which also agrees with our asymptotic expansion of the metric (2.78)) around the corner.
To further simplify the problem let us agree on a reasonable gauge-choice at the corner.
The Lagrange multiplier A* has both an imaginary and a real part:

A = taw' = ¢ i€ (2.100)

The imaginary part represents a boost into the direction of ¢!, while the real part
describes an infinitesimal rotation around the ¢‘-axis. We will later see, that ¢’ is not
subject to any further constraints but can be chosen freely, such that we can agree to
put it to zero at the corner, i.e. we set

©'ls = 0. (2.101)

This gauge condition will also lead to é'|g = 0 at the corner. Putting this time-
derivative to zero is physically reasonable since the corner is the surface where all
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2.4 Hamiltonian analysis

t = const. hypersurfaces meet, i.e. where we should not expect any t-evolution to
happen.

The variation of the action yields the Gauf law only after actually
performing a partial integration, with the gauge condition we find, in fact:

/ E;*D,\" = — / D E;*A° +1 / E;&t. (2.102)
b b S

Inserting a decomposition of the identity in internal space, i.e. writing (5;- = .T}il'j +
yiyj + zizj, where (27,4, 2) are orthonormal vectors in R?, such that 2% = ¢;%2 is the
outwardly pointing normal of S, we find, while also using time gauge and the
definition of the self-dual connection w?, that:

/Eifi:/Eizi Z]fj :/Eizi th_le():/Eizi zthn". (2.103)
S S S S

Repeating the calculation that has led us to the variation (2.36)) of the rapidity =, we
find n,Dez" equals =, and we eventually get:

/ EDo\' = — / DoE*A" —i / Ei2'E = — / DoE*A' + - 1. (2.104)
> > s s 2

Inserting this equation into the action 1' we see, the surface term |, S E;A? cancels the
corner term Ig, and the Holst action (2.75]) eventually turns into a sum of a symplectic
potential, a boundary term, and the constraints.:

SHOlSt [Eiaa Ai(lvAia ],\\,77 Na] =

1
. h 1
- / dt[/ (e Ay + ce) — 1| - 2/ E K, (2.105)
0 b % Js t=0
The Hamiltonian H*, on the other hand, is just a sum over constraints:
H* = G;[A"] + H, [N + H[N]. (2.106)

Notice, however, that we are still within the Lagrangian formalism, since II;* is not yet
an independent variable but linearly related to the densitised triad via equation ([2.96)).

Taking variations of the action with respect to the triad F;* and both the real
and imaginary parts of the Ashtekar connection A‘,, subject only to the boundary
conditions , reveals the evolution equations of the theory. This eventually yields
the following system of equations:

B+i; B—iz 2% 6H*

3 A, % Aly == B (2.107a)
X 2 * 2 - *

Eﬂ:—%P i3 6H* 203 i 6H (2.107b)

h B+i6Ai, h B—id0E;*

Two observations are immediate to make. First of all, we see the time-derivative of the
Ashtekar connection only appears in a peculiar combination involving both A’, and its
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2 Hamiltonian general relativity

complex conjugate A’,. The resulting quantity defines, surprisingly enough, again a
connectionlj this time the su(2)-Ashtekar-Barbero connection A()?,:

AP, = /3; SAT, — 62_1 LAl =T, + BK,. (2.108)
The second observation concerns the time derivative of the densitised triad. While the
number of evolution equations for the connection may seem to be half too little, the
opposite happens for the densitised triad. Looking at the second line, i.e. equation
, we see the velocity FE;* must satisfy two independent equations. Subtracting
the first one from the second reveals the secondary constraint:

.a:§ i3 oH*
! ih B+i0At,

+ cc. = 0. (2.109)

This additional constraint, a result of the over-determination of the equations of motion
for the densitised triad, is actually crucial, for it compensates the under-determination
of the evolution equations for the connection, i.e. equation .

This having said, we are now ready to turn towards the Hamiltonian formalism of the
theory. We start by introducing the symplectic structure on the infinite-dimensional
auxiliary phase space Puuy formed by pairs of field configurations (I1;%, A7,) on ¥, where
A?, is the self-dual Ashtekar connection, while its conjugate momentum, denoted by
I1;%, is an sl(2, C)-valued vector density of degree one (i.e. a Lie-algebra valued two-
form). The only non-vanishing Poisson brackets of the elementary variables we define
to be the following:

{IL;%(p), A4 (q)} = 676369 (p, ), (2.110a)
{I%(p), A74(q)} = 61656 (p, q). (2.110b)

Next, we need a Hamiltonian flow compatible with the set of evolution equations
derived from the Lagrangian framework. This must be done with
care, as to account for the fact that the list of evolution equations misses the
time derivative of

. . L i —i_.

APr =10, - g7IKY, = 525 Al + ﬂZﬁ Aty (2.111)
We fix this yet unspecified velocity by an additional Lagrange multiplier V?,, which
amounts to add the constraint (2.97)) to the Hamiltonian:

H' = V] + GilAT] + HoN) + HIN] = O V'] + ', (2.112)

Having a Hamiltonian we can define the time evolution of any (differentiable) functional
X : Paux — C on phase space as
dX—X—dX—{H’X} (2.113)
Y ‘
A few comments: Although the auxiliary phase space is a complex infinite dimen-
sional manifold, we do not want or need to restrict ourselves to functionals X : Paux —

“But only a spatial connection, as famously stressed by Alexandrov et al. [105L[119L{120].
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2.4 Hamiltonian analysis

C that are analytic (complex differentiable) on phase space. Allowing for non-analytic
functionals is actually physically needed, since otherwise, it would be hard to make
mathematical sense out of the reality conditions, e.g. equation . Let us also
use this moment to clarify again what the time derivative actually means geometri-
cally. Having performed a spatio-temporal decomposition all our fields live on the fixed
abstract spatial manifold ¥, and parametrically depend on the time variable chosen.
On 3, the derivation with respect to t is just an ordinary partial derivative, from a
four-dimensional perspective, it is, however a Lie derivative into the direction of the
time-flow vector field t pulled back onto the ¢ = const. slice under consideration. The
definition was explicitly given in and further discussed in the surrounding lines.
Evolution equations: We can now readily check that the Hamilton equations

‘fiia{czo - {H/’Aia}‘czo’ (2.114a)
%y = {H L} oy (2.114b)

together with their complex conjugate reproduce the system (2.107)) of evolution equa-
tions. The secondary constraint, on the other hand, i.e. equation (2.109)) turns into a
stability criterion. It demands the Hamiltonian flow must preserve the reality condition

, and we thus have:
T =0 ={H',Ci"}|, =0. (2.115)

We can now also compute the time derivative of the connection (2.111)) absent in our
initial list (2.107)) of evolution equations, and find:

2 o
% AP, = By, 4 (B, A0, (2.116)

This is, in fact, the only place where the additional Lagrange multiplier V?, truly
appears, which makes perfectly sense, since we have introduced it precisely to fix the
yet undetermined velocity %fl(ﬂ)ia. We will later see how the secondary constraint
will give us A®, in terms of E;* and AP, and eventually fixes the multiplier
Vi, to the value Vi, = 0.

This finishes the proof of compatibility between time evolution generated by H’
and the corresponding Euler-Lagrange evolution equations . It is hardly
necessary to say what we shall do next. We will discuss the constraint algebra and
check the stability of the constraint equations. This will reveal the gauge symmetries
of the system. We will see, the Hamiltonian preserves the reality conditions only if
two additional constraints are satisfied. First of all, the spatial projection De! =
de’ + €', It A e™ of the four-dimensional torsion two-form © = Dni must vanish. Then
we also find a restriction on the imaginary part on those components of the Lagrange
multiplier A’ that generate boosts along the time direction. This, together with the
Gauflt law D,IL;* = 0, and the evolution equations for the triad, amounts to set the
four-dimensional torsion © to zero. The system of constraints will contain both first-
and second-class constraints, solving the second-class constraints we will mention the
Dirac bracket, and comment on two strategies on how to actually quantise the theory.
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2 Hamiltonian general relativity

2.4.2 Gauge transformations

Before we actually start calculating the Poisson algebra of the constraint equations
, and check under which conditions the Hamiltonian H’ preserves the reality
conditions , let us first understand the kinematical symmetries of the system.
Understanding the infinitesimal action of the gauge transformations on the auxiliary
phase space Paux 3 (A%, 11;%) will drastically simplify the calculation of the Poisson
algebra.

Local-Lorentz transformations Contracting the Lie-algebra index with the standard
= 15, let us first introduce the notation:

basis 7; = 5
Ag=Algti, Fg=Flgr =1L (2.117)

We have started with a theory of local inertial frames n“, that locally define the four-
dimensional line-element of spacetime:

ds? = nagn® @ 1. (2.118)

The Minkwoski metric 7,4 is Lorentz invariant, we can thus introduce a local Lorentz
transformation g € Ll C SO(1,3)

i = gg*n’ (2.119)

without ever changing ds?. Here g smoothly attaches an element of the group of proper
orthochronous Lorentz transformations to any point wherever the tetrad n“ is actually
defined. The universal cover of the Lorentz group is SL(2,C), allowing us to write

9“8 = 9835, g€ SLE2,0), (2.120)

where we have taken advantage of the isomorphism between world-tensors and spinors:
We identified any Minkwoski index o with a pair of spinors (AA), one (i.e. A) trans-
forming under the fundamental representation of SL(2,C), while the other (i.e. A)
transforms under the complex conjugate representation, appendix [A-1] gives all missing
definitions.

If we take the pull back of both the connection and the tetrad onto the spatial slice,
then these transformations induce a gauge transformation p, on phase space. It acts
according to:

Ay = py(As) = g7 0ug + g7 Ag, TI% = p, (1) = g~ 'T1%. (2.121)

We are interested in the infinitesimal version of these transformations, and thus define
the derivation:

d
for A:U C X —5sl(2,C), 6p:

= — . 2.122
de 5:0peXp(5A) ( )

Where U is the neighbourhood where the fields are locally defined. A short calculation
gives the desired result:

OrAAq = DyA = Do A7, (2.123a)
SAIT® = —[A, 1% = —[A, ];%7° = —e; ™AL, 7. (2.123b)
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Diffeomorphisms The principle of general covariance states, that all observers, whether
they are accelerated or inertial, must agree on the form of the fundamental laws of na-
ture. Observers determine coordinate systems, and the principle of covariance thus
requires, that all fundamental physical laws keep unchanged when writing one set of
coordinates in terms of the other. This statement can be phrased without actually
ever using coordinates, for it implies diffeomorphism invariance: If M and M are two
manifolds with metric and matter fields g and (;3 subject to the Einstein equations on
M, and ¢ : M — M be a diffeomorphis then the pull-back (¢*g, p*®) solves the
FEinstein equations on M.

The foliation of spacetime into equal time slices 3; partially breaks diffeomorphism
invariance. The phase space by itself, only carries a representation of the spatial dif-
feomorphism group. Nevertheless, we can restore the four-dimensional diffeomorphism
symmetry, but only after having actually solved the evolution equations. On phase
space, the infinitesimal version oy of a diffeomorphism generated by a vector field NV
on ¥ is a Lie-derivative Ly = d%lezoexp(aN)* = d%\g:oexp(—eN)* into the direction
of N. The Lie derivative acts on tensors, but our phase space variables, the Ashtekar
connection A%, and the momentum variable II;* carry an extra index living in the Lie
algebra of the Lorentz group. This is a problem, for we need to declare how the Lie
derivative should act on this index. To seek for a proper definition of 6y A, let us first
ask for the properties this derivative ought to have. We can view the Lie derivative
Ly of a tensor T as the infinitesimal difference between the pull-back T = exp(e N)*T
and the original tensor 7' both evaluated at the same point. With the difference of
two tensors again being a tensor, the Lie derivative maps tensors into tensors. On the
other hand, given two connections A, and A their difference AA = A — A does not
define a connection, but transforms linearly under the adjoint representation of the
gauge group. That is pyAA = g7'AAg. This suggests to require dy A’, must trans-
form under the adjoint action of SL(2,C). It turns out, that, in order to achieve the
desired transformation property, it suffices to add an infinitesimal gauge transforma-
tion dp A (as defined in (2.123a))) with gauge parameter A = —N®A, to the ordinary
Lie derivative Ly = dN_1+ N_d on the spatial manifold. Accordingly, we define the
infinitesimal variation of the connection dy A under a diffeomorphism to be:

6NAq = LyAy — Do(N"4y) = NPFy,. (2.124)

Notice the appearance of the curvature tensor, the proof of which simply repeats those
steps that have already led us to equation .

To define the variation dnII of the momentum variable without breaking gauge in-
variance we repeat the trick that has led us to the definition of dyA. We thus add an
infinitesimal gauge transformation generated by —NA4, € s[(2,C) to the ordinary Lie
derivative, and thus get:

SNII® = LyTI® 4 [N° Ay, T19]. (2.125)

Writing LyTI® + [N? Ay, T1%] = D,(N°II® — N°TI%) + N®D,II% we can realise, that the
resulting expression has indeed the required property, and transforms under the adjoint
representation of the gauge group.

* A one-to-one map between M and M, such that both ¢ and ¢! are continuous and differentiable.

33
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Figure 2.2: The kinematical symmetries can be best understood if lifted onto a principal
bundle P(X,SL(2,C)), with the three-dimensional hypersurface £ as the
base manifold, and SL(2,C) as the standard fibre. In a sufficiently small
neighbourhood U C ¥ the bundle locally looks like U x SL(2,C). The
corresponding diffeomorphism lifting U x SL(2,C) into the bundle is s,
while 7w : P — 3 denotes the canonical projection. The horizontal subspace
HP of TP is the kernel of the sl((2, C)-valued connection one-form A on P.

The geometry of the gauge group At this point the origin of the counter terms, that
we have added to the ordinary Lie derivative Ly in both and , must
seem a bit dubious. To better understand their geometrical meaning let us see how
they rather naturally appear when lifting the elementary fields onto a principal bundle
over the spatial hypersurface with the gauge group SL(2,C) as the standard fibre. This
needs a little preparation to clarify the tools and language hence needed.lj

Locally, the fibre bundle looks like the Cartesian product of the gauge group SL(2,C)
and the three-dimensional base manifold 3. For any sufficiently small neighbourhood
U of 3, we can find a local trivialisation s : U x SL(2,C) — P that diffeomorphically
maps U x SL(2,C) into the bundle. Each point « € U in the base manifold corresponds
to a whole fibre when lifted up into the bundle. Indeed, the fibre over x is nothing but
the image of {z} x SL(2,C) under the action of s. The gauge group has a natural right-
action R, on the fibres, which we can locally represent for any (z,g) € U x SL(2,C)
as Ry(x,9) = (x,99'). The map 7 : P — ¥ that becomes m(z,g) = x in any local
trivialisation, is the canonical projection, and figure [2.2] gives an illustration of the
geometry thus uncovered.

“The books of Isham, Bertlmann and Frankl give concise introductions to the theory of fibre
bundles [121H123|
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The right translation allows us to move along the fibres, its infinitesimal version gives
the right invariant vector fields. In fact, for if g = exp(A) € SL(2,C) we define the
right invariant vector field by setting:

d

X, = &l
Ap de le=0

Rexp(aA) (p) € TPP' (2'126)

In this language a connection A is a globally defined Lie algebra-valued one-form on
the bundle, that has the two properties:

VA €5l(2,C): XpuA=A, R;A=g 'Ag. (2.127)

Its pullback under the action of s defines its local representative A®; which we can
identify with the Ashtekar connection A%, on the base manifold. Explicitly:

Al, = A® = 5*A. (2.128)

A family of n one-forms in a p-dimensional manifold defines a (p — n)-dimensional
hypersurface in the tangent space of the manifold. Accordingly, we can define the
horizontal subspace H P of the tangent space of the bundle. For any p € P this is the
three-dimensional vector space:

H,P = {V € T,P: V1A, =A,(V) =0}, (2.129)

which is isomorphic to the tangent space of the base manifold through 7. H, P = T () ¥.
If pryy : T,P — H)p, denotes the projector onto the horizontal subspace we can define
the field strength as:

F(U, V)= (dA)(pryU,prgV), F=dA+AANA. (2.130)
Its local representative gives the curvature of the Ashtekar connection:
Fiyp=F°=s"F=dA® + A° N A°, (2.131)

Finally, we can unambiguously lift any vector (field) N € T, ¥ in the base manifold
into a horizontal vector (field) NT € H,P in the bundle, such that (i) 7(p) = x, and
(ii) m.NT = N.

Having said all this, let us now explore the geometric meaning of the variations of
both the connection and the momentum variable . We start with the

variation dy A of the connection with respect to the vector field on the base manifold,

as defined by and find:
SNA'y = NPFiy, = NOF® = s*(NTUF) = s*(NTUdA) =
= s*(NTLdA+ d(NTLA)) = s*(LyrA). (2.132)

In other words, the counter-term introduced in for o yA= LyA+... to trans-
form under the adjoint action of the gauge group, turns dyA into an ordinary Lie
derivative on the bundle. If we lift A into the bundle it becomes the Lie derivative
along the horizontal lift N7 of N. For the momentum variable the situation is very
similar.
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2 Hamiltonian general relativity

First of all, we need to lift the momentum into the bundle. On the base manifold we
can view II;* as a locally defined sl(2, C)-valued two—fomﬂ that transforms under the
adjoint action of the group. On the bundle it is globally defined, and corresponds to a
Lie-algebra valued two-form I through the equations:

IL* =11° = s*N, (2.133)
and its defining properties
XaaM =0, R;A=g 'Ng. (2.134)

That is, the momentum is degenerate along the direction of the fibres, and transforms
homogeneously under right translations.

If N is now a vector field in a neighbourhood U of the base manifold (see ﬁgurefor
an illustration), this triviallyﬁ defines also a vector field on U x SL(2,C), and we can
use the push-forward of s : U x ¥ — P to map it into the bundle. We decompose the
resulting vector s, N into its horizontal component NT, and a component N parallel
to the fibres. Using equation we can read off the parallel component, and thus
have:

5N = N+ X5, 5 = NT+ NI (2.135)

The transformation law (2.134]) implies for a Lie derivative into the direction of the
fibre that:

d

- de LZO

This, together with (2.135]), allows us to calculate the Lie derivative of the momentum
variable I into the direction of the horizontal lift NT of N. We get:

Lx, N (exp(—eA)Mexp(eA)) = —[A, M. (2.136)

A

exp(sASkn = dié“ I

s* (LNTH) =s* (LS*NH — LN” I1) = LyII® + [NJ A® Hs] = oI~ (2.137)

This is the desired result. We see, that just as in (2.132]), the counter-terms added to
the variation dnII;% have a clean geometrical origin, for they result from the pullback
of an ordinary Lie derivative on the fibre bundle down to the base manifold.

Concluding remarks On the base manifold, the Lie derivatives LyA’,, LnII;® of the
canonical variables are not defined globally, since Ly does not know how to act on
the internal index 4 living in the Lie algebra. Adding appropriate counter-terms to the
ordinary Lie derivative, we found in equations and variations oy A%, and
onII;%, that are now globally defined, and transform under the adjoint representation
of the local SL(2,C) gauge symmetry. The variations, thus defined, have a clean
geometrical interpretation once we go to the corresponding principal bundle, where
becomes and ordinary Lie derivative L+ into the direction of the horizontal lift NT
of N. In fact, the infinitesimal gauge transformations dp, dx (for A and N denoting

“Remember: A vector valued density and a two form are the same thing through the equation:
%ﬁ“bcﬂibc =IL;%, where 7°*° is the Levi-Civita density.

"*Given a vector N in U, this is a derivation that acts as N[f] = N*0,f onascalar f : U — M. This
is well defined also if f is a function on U x SL(2,C), which thus trivially extends N to U x SL(2,C).
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2.4 Hamiltonian analysis

respectively an s((2, C)-valued scalar, and an ordinary vector field on the base manifold)
can be exponentiated yielding finite transformations. These are diffeomorphisms of the
bundle, that preserve the fibres, i.e. map fibres onto fibres. Their projections (under
the action of m : P — ¥) define diffeomorphisms of the base manifold. Those that are
mapped towards the identity are the pure gauge transformations generated by d, with

A € 51(2,C).

2.4.3 First-class constraints

Within the list of constraints we will now identify those that form a closed alge-
bra. This algebra will have a clean geometrical meaning, for it contains the generators
of the gauge symmetries that we have introduced above.

To simplify our calculations let us agree that the smearing functions A?, N¢, and
N entering the definition of the constraints shall vanish at the boundary S of ¥. The
derivation of the Poisson brackets further simplifies when first studying the functional
differentials “d” of the respective constraints. We start with the Gaufs law, and get,
after having dropped a surface term arising from a partial integration, that:

dG;[AY] = / ( — ANey™d AL IL, + DaAidHﬂ) +cc. =
%
_ / (= Ga(IL2)al A%y + 6a(A%g)alTT:?) + cc. (2.138)
b))

Looking back at equation we recognise the appearance of infinitesimal s((2, C)
gauge transformations in this formula. This is a crucial observation, for it shows the
Hamiltonian vector field of the Gauf constraint generates finite SL(2,C) gauge trans-
formations on phase space (those that are continuously connected to the identity). To
be more precise, if F' : P,ux — R is a functional on phase space, equation ([2.138))
implies:

(ILA) [F] = {Gl[AZ]aF}‘(H’A) = &L:OF [pexp(eA)Hjbapexp(sA)Aza]~ (2139)

%Gi [A7]

Taking the exponential, we can identify the Hamiltonian vector field of the Gauft con-
straint with the generator of the desired transformations:

exp (X, n1)) | (11.4) [F] = F [Pexp) 1" pexp(a) A'al - (2.140)

For the vector constraint we proceed according to the very same strategy, and first
calculate the functional differential of the constraint. The variation of the curvature
two-form equals a total exterior covariant derivative

dFi,, = D,dAY, — Dyd A, (2.141)

Performing a partial integration we can separate the covariant derivative from the func-
tional differential. This yields a surface term that vanishes due to our falloff conditions
on the vector-valued smearing function N®. A straightforward calculation thus gives:

dH,[N? = / ( — Do (N°IL — NIL*)d A, + N“Fiabdmb) +cc.=0. (2.142)
>
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2 Hamiltonian general relativity

Comparing this equation with we can write N®F",, as the variation dy(A%,)
of the connection under a spatial diffeomorphism horizontally lifted into the bundle.
The analogous derivative for the momentum variable, i.e JyII;* (defined as in )
is hidden in the first two terms of this equation. This follows from the following
considerations:

Dy (NI — NTI%) = 0,(N“T1") — 9, N'TI* + [N®A,,1I’] — N*D,I1°
= LyII% + [N TI°] — N°D 1% = §5TI° — N°D,I1%,  (2.143)

where 0, is a partial derivative. We thus find the functional differential of the vector
constraint to be:

dH,[N] = /

( SN (ILY)d A, + Sy (A%)dIL? + N“DbHibdAia) Fee. = 0. (2.144)
b

Each term of this equation has again a clean geometric meaning. The first two of them,
contain the pull back &y (I1;%) and dx(A%,) of the corresponding Lie derivatives in the
bundle (2.132)) and (2.137). They generate diffeomorphisms of the underlying principal
bundle, that rigidly move the fibres around, i.e. they map fibres onto fibres. The last
term, on the other hand, is proportional to the Gaufl constraint, which vanishes on the
constraint hypersurface, and could thus be dropped altogether.

Equations (2.138) and ([2.144]) uncover the geometric meaning of the Hamiltonian
vector fields of both the Gauls and vector constraint: They are the generators of the
gauge symmetries of the theory. We can thus immediately deduce the Poisson brackets:

{G- A, G5 [M7]} = +Gi[[A, M]], (2.145a)
{Gi[A"], H,[N®]} = {G;[A"], H[N]} = 0, (2.145b)
{H,] M“ |, Hy[N*]} = —H, [[M,N]*] — G;[F'(M,N)], (2.145¢)
{H,[N®), H[N]} = —H[LyN] — Gi[‘sfn[g] v, (2.145d)

where we have used the commutators of Lie algebra elements A, M € s[(2,C): [[A, M]]] =
€ mAM™, and vector fields M, N: [M, N]* = MP9,N® — N®9,M*.

We are now left to compute the Poisson bracket between two Hamiltonian constraints.
This we do by first looking at the corresponding functional differential, which is readily
computed to be:

203 ,
dH[N]= | N PP 2 § P | ILER
)= [ ] ZE e

E%’ 152 ilm ayT.b c
2£2 B
—P_L_dAle'™D, (NILO,, : 2.146
+ /E R AT € (~ I ) + cc ( )
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2.4 Hamiltonian analysis

This allows us to find the desired Poisson bracket:

_ 26123 B Im 1 a E% 2 152 ilm dy1.a
{H[M], H[N]} __{/ZM<hﬁ+i€i FopIl +2A(€> CESEA NabalLi"11; )
26% 6 TS crr b
T gen De(WILILY) — (M & Jy)} tec =
2 2
— (zéP)Z(ﬁi e / (MO:N — NOM)IL T F (, ILY + ce. (2.147)
by

Notice, that we cannot write the right hand side of this equation as a linear combination
of Gaufs, vector and Hamiltonian constraint. This means, that on the auxiliary phase
space, the algebra generated by G;, H,, and H does not close. This is, however, not
so harmful, since, up to this point, we have not yet imposed the reality conditions
C;® = 0 on the momentum variable, as written in . If the momentum satisfies
these additional reality conditions, we can introduce a densitised triad E;%, linearly
related to the canonical momentum by equation , eventually revealing that

(M), HINY| =~ Ha[B* B (MO.N — NO.A)]. (2.148)
The right hand side is proportional to the vector constraint, and we thus see, that the
Poisson algebra generated by Gauf, vector and Hamiltonian constraint closes on the
constraint hypersurface C' = 0. This does, however, not yet prove them to be of first-

class—mnot until we have also checked the stability of the reality conditions C;* = 0,
i.e. the secondary constraint (2.115)). To this we will now turn our attention.

2.4.4 Second-class constraints

The Hamiltonian time-evolution must preserve the primary constraints (2.95) and
(2.97). This includes the reality condition C;* = 0, which leads us to the stability
criterion ([2.115)). This equation demands that:

. 1 _
0= Ci%|og = {H' O} o = —grea™ (A = A)E,"+

1 _ 1 _
+ 5 (Db — Dy)(NYE;" — N“E;*) + §€ilm(Db + D) (NE"E,")

1 B
= —¢;™ (5(1\1 — Al) . NbKlb — ClbabN> E,*+ Nﬁbacgbeic. (2.149)

Here, we have reintroduced the undensitised (scalar) lapse N = d3vN (d®v is the
oriented volume element ) and D, = 1(Dy+Dy) = 04 +[[y, -] defines yet another
covariant derivative. In the last line of this equation both the expression within the
big bracket and the ®e term must vanish independently. This can be seen as follows.
Notice that the covariant derivative D, equals the intrinsic Levi-Civita derivative (i.e.
the unique covariant derivative compatible with the triad e, on the spatial slice) up to a
difference tensor A?,. Using the fact that D, F ;% = 0 provided both the Gauf constraint
and the reality condition C;* = 0 holds, it follows that A, must be symmetric (in the
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2 Hamiltonian general relativity

sense of ejlmAlemb = 0). We can then reformulate equation ([2.149) according to the
following steps:

1 . . , ) 1 o L
—— (A —=N)+ N°K7, + ejaﬁaN‘ L —=—N( icgib _ e’beJC)Qbeic =
2i C,G=0 2 C,G=0
1 . o
— —§N( 1C€]b — ezbejc)EilmAlbemc C7G:0 —
1 . ‘
= §NeﬂJAlbeZb coe =0 (2.150)

Since C;* must vanish we see the imaginary part of A® = ¢ 4 i¢? (describing boosts
along the flow of time) is completely fixed by the dynamics of the theory to the value

¢ = %(A" —A") = +N"K', + €0, N. (2.151)
Since the condition C';* = 0 is invariant under internal rotations but does not remain
valid if boosted, this restriction should not surprise us. For the real part ¢’ of the
Lagrange multiplier A?, on the other hand, we do not find any constraints. It can be
chosen freely, which is another way to say that there is a residual internal su(2) gauge
symmetry in the theory.
Comparing equation with reveals that De = 29 [ueib} must vanish too.
This is the three-dimensional torsionless equation. Equation therefore implies
an additional secondary constraint, that tells us that the difference tensor A?, must

vanish:
LC.

Ny = (A, + A') — T, [E] =0, (2.152)

N

LC,
where T'?,[FE] denotes the Levi-Civita connection functionally depending on the den-
sitised triad E;* = d3vee;. This equation is highly non polynomial [19] in E, the
equivalent but technically different version

9T := De + De = 20e = 0 (2.153)

is much simpler to handle, since it just sets the spatial part of the four-dimensional
torsion two-form to zero.

Stability of T = 0 Next, we have to check if the Hamiltonian preserves the secondary
constraint that we have just introduced. To write down the torsion-free con-
dition we need a triad, which is defined only if the reality condition holds true.
There is no triad on all of phase space. To study the stability of the secondary con-
straint we shall calculate the Poisson bracket {H’, T'}, which requires the triad to be
known, however, around the constraint hypersurface, and not just on the solution space
itself. We thus need to extend the (densitised) triad into a neighbourhood around the
constraint hypersurface, and one possible way to do so is this:

B = e%,< W g 10

h

B+i " B-i

ﬁﬂ), (2.154)
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2.4 Hamiltonian analysis

which coincides with (2.96)) once the reality condition (2.97) is satisfied. If time evo-
lution preserves all constraints, which we sill show in a minute, we could have chosen
any other extension.

If we now calculate the desired Poisson bracket between the primary Hamiltonian

(2.112)) and the torsion free condition (2.153)), we get

2 232

cGro = VH' De'y + e} o aro = R BT e Vlae™y = 0. (2155)

Tlab

Where C,G,T = 0 shall remind us that these equations hold provided torsion 7" van-
ishes and both reality condition and Gaufs constraint are satisfied. Equation
does not vanish by itself; yet it must vanish and we thus get a restriction on the
Lagrange multiplier V?,. An elementary algebraic manipulation yields:

T'wvlogrog=0€ Via=0. (2.156)

Stability of Gaul3, vector and Hamiltonian constraint Employing the results of the
previous subsection, we can now readily check the stability of all remaining constraints.
We have just seen, that the Hamiltonian preserves the secondary constraint 7' = 0 only
if the Lagrange multiplier V?, is set to zero. This restricts Dirac’s primary Hamiltonian
H', as defined by , to be just a sum of Gaufs, vector and Hamiltonian constraints.
We have already collected the corresponding Poisson brackets in (2.145) and (2.148)),
and immediately see, once V?, = 0 the Hamiltonian does indeed preserve all constraints
of the theory.

Residual gauge symmetries The Hamiltonian of the theory is a sum of constraints.
Time evolution preserves the reality conditions and only if there are
also restrictions on the Lagrange multipliers in front of the constraints. Lapse and
shift determine the real part of the multiplier A’ = & + i€® to the value (2.151]),
while V%, must be put to zero. The remaining multipliers appearing in (2.112)) give
the residual gauge symmetries of the theory. The GauR constraint G;[p'] generates
internal rotations of the spatial triad (these are those Lorentz transformations that
leave the internal time direction n# invariant), while the vector constraint H,[N¢]
generates diffeomorphisms of the spatial slice (modulo internal gauge transformations).
To recover the four-dimensional diffeomorphism symmetry we also need to include the
Hamilton constraint that gives the diffeomorphisms along the time direction.

Dirac bracket an general strategy towards quantum theory The rotational part of
the Gaup law QRe(D,IL;*) together with both the vector and the Hamilton constraint
generate the gauge symmetries of the theory, and thus form the set of first class con-
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2 Hamiltonian general relativity

straints. The remaining constraints, i.e. the reality conditions and ( m are
of second class. This follows from their mutual Poisson brackets

{Ci“(p),Cjb(q)} =0, (2.157a)
{C*(p), Ay(q)} = b_0° 87686 (p, q) (2.157b)
? - A /82+1 ) b, q), .
LC LC
i i B B (0T [EV(g) OT[EVa(p)y _
{A%(p), Ay(q)} = %62 +1( 5Eia(;) ~ SE ) ) = 0. (2.157¢)

The first two of these equations are immediate to show, the last implicitly follows from
(2.86)), which proves that the Levi-Civita connection has a generating potential ®[E]:
0 D[E] 0 / LFC[E]J' E;b Iig[E]i (p) face-t (2.158)
= — pli” = p) + surtace-terms. .
0E;*(p) 0E;*(p) Jx ’ ‘

The solution space P* of the reality conditions (2.97)) and (2.152)) carries a natural
symplectic structure given by the Dirac bracket that extends as a degenerate symplectic
form to the full auxiliary phase space P D P*. For any two functionals F', and G,
defined on the full auxiliary phase space, the Dirac bracket is given by:

(F.G) = (F,G) - ” “/ (C#(p), FY{ Alu(p), G} + (2.150)

h*82+1/ {C:%(p), G}{A%(p), F}. (2.160)

The su(2) Ashtekar-Barbero connection A, = T',[E] + BK*, together with the
densitised triad F;* diagonalise the Dirac bracket according to the equations:

(B 0). B @)} ], = {AP @), AMi(0)}| | =0, (2.161a)
{E: (1), AP ()} | = 5,?2’537 5369 (p, q). (2.161D)
{Cow), )|, = {A%®), -} . =0 (2.161c)

Since the reality conditions and imply that the Ashtekar-Barbero con-
nection A(ﬁ)ia together with the densitised triad F;* = d®ve.e;* already determine any
point in P*, we can use them as canonical conjugate variables, and thus recover the
theory in its usual Hamiltonian formulation [19}40].

The phase space of SU(2) Ashtekar-Barbero variables is often taken as the start-
ing point for the canonical quantisation program, eventually revealing the kinematical
Hilbert space of loop quantum gravity [19,40]. We would then be left to quantise the
generators of the residual gauge symmetries in order to find the kernel of the quantised
Gauf, vector and Hamiltonian constraints, and study the physical states of the theory.

We could, however, also try to start from the bigger auxiliary phase space of self-
dual variables. We would thus not solve the reality conditions classically, but follow the
general ideas of Gupta and Bleuler [124}/125] to impose them directly in the quantum
theory. Since the reduced phase space of Ashtekar—Barbero variables only carries a
representation of the rotation group, this would have the advantage of never explicitly
breaking the local Lorentz symmetry.
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2.5 Summary

The role of torsion At the end of this section, let us briefly see, how the four-
dimensional torsion-free condition reappears in the Hamiltonian formulation.
Following the general strategy outlined in section we perform a 3+1 split of the
torsion two-form ©% = Dn* = 0 and fin

em; (D) =0 & K'Ae =0 K;j =Ky, (2.162a)
em; (Dni) =0 & D=0, (2.162D)
em; (tDn’) =0 & &'e; = K'e; +dN, (2.162c)
em; (tUDn') =0 & ¢ = —€éyple! + DN + K'N = {H* ¢'}.  (2.162d)

Each of these equations appear in our canonical analysis. The first of them follows
from the Gaufs constraint, which implies through C;* = 0 and that D FE;* =
0. This equation has a real and an imaginary part. The imaginary part lacks any
derivatives and reads Jm(D,F;?) = i KpE b = id3vee;!" Kp,,. This implies the
symmetry of the extrinsic curvature tensor, i.e. K;; = Kj;. Equations and
arise differently. They are needed to guarantee the stability of the reality
condition (2.97), that lead us to both (2.151)) and ([2.152)), which is equivalent to (2.153).
Finally there is equation which is nothing but the evolution equation for the
triad. In summary, the four-dimensional torsionless condition separates into three
different equations. Its components either are restrictions on the Lagrange multipliers,
impose a secondary constraint on phase space, or define an evolution equation for the
spatial triad.

2.5 SUMMARY

This chapter looked at the Hamiltonian formalism of general relativity in terms of first-
order tetrad-connection variables. Starting from the Holst action with a cosmological
constant we first studied the variations of the action while keeping the intrinsic three-
geometry of the boundary fixed. We took a lensoid region in spacetime, and saw
that except the usual Gibbons-Hawking—York boundary term (in terms of first-order
variables) there is also another corner term needed.

This additional corner terms appears, in fact, rather generically whenever there is
a discontinuity in the boundary, e.g. at the two-dimensional surface where both the
initial and the final slice meet.

Next, there was section [2.2] looking at the spatio-temporal decomposition of the ac-
tion. We rewrote the action in terms of complex Ashtekar variables, while keeping
the Barbero—Immirzi parameter unchanged. The Barbero—Immirzi parameter has in
fact two different roles in the theory. First of all, it appears as an additional coupling
constant in the action, but then it also measures the relative strength between the
spin connection T'[E] and the su(2) Ashtekar-Barbero connection A®) = I'[E] + K.
Choosing the Barbero—Immirzi parameter to be real valued and positive, does how-
ever not force us to work with the phase space of su(2) Ashtekar-Barbero variables.

“Here we are using the language of differential forms to simplify our notation: e’ = e’,, K’ = K4
and De = 2D ey
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2 Hamiltonian general relativity

Geometrically, the complex Ashtekar variables are a better choice: First of all, they
transform linearly under local Lorentz transformations, while the Ashtekar—Barbero
variables do not. Secondly, written in self-dual variables, the constraint equations
simplify—including the Hamiltonian constraint, which turns into a polynomial
of the canonical variables.

Section [2:3] gave an application. Studying the Hamilton—Jacobi equations of the
theory we could introduce a notion of energy as measured by a family of uniformly
accelerated observers close to the corner. We recovered the local version of the first-
law of thermodynamics as introduced by Frodden, Gosh and Perez, and thus gave an
independent derivation of their results. [73,107|

Section [2.4]introduced the phase space of the theory. Working with complex Asktekar
variables we found additional reality conditions needed for the metric to be real.
These reality conditions coincide with the linear simplicity constraints [126,/127] of
spinfoam gravity. We will see, in the next chapters, that this observation will open the
possibility to formulate both spinfoam gravity and the canonical approach on equal
footing. We studied the algebra of constraints and found that they are of both first
and second class. The first-class constraints generate the gauge symmetries of the
theory. The Gaufs constraint is responsible for internal rotations, while the vector
constraint generates the spatial diffeomorphism symmetry. The Hamilton constraint,
on the other hand, generates diffeomorphisms along the time-flow vector-field. The
total Hamiltonian is a sum of constraints, it vanishes and time-evolution is nothing but
a gauge transformation on phase-space. Consequently, the time variable with respect
to which we introduced the Hamiltonian, has no physical meaning whatsoever.

Then there are also the second-class constraints. The Hamiltonian preserves the
reality conditions only if (i) the spatial projection of the four-dimensional torsion
two-form vanishes and (ii) the boost component of the Lagrange multiplier in front of
the Gauft constraint is fixed in terms of lapse and shift to the value . Introducing
the Dirac bracket we realised the Ashtekar—Barbero variables as canonical coordinates
on the solution space of the second-class constraints. These variables are sometimes
presented as if they were the only reasonable starting point for the quantisation program
underlying the loop theory. One of the main objectives of this thesis is to argue that
this is not true, and that we can also work with variables transforming more covariantly
under the local SL(2,C) symmetry group of general relativity.

The remaining part of this chapter contains two supplements, the first of which
reviews the Hamiltonian formulation of general relativity in terms of metric variables
[8,74]. We will study the boundary value problem for a region of cylindrical shape and
introduce the appropriate boundary and corner terms. Repeating Witten’s proof [75|
of the positivity of the ADM mass [77-79|, this supplement also gives a motivating
example for the use of spinors in general relativity. Spinors will play a prominent role
in the rest of this work when studying the chiral aspects of loop quantum gravity.
The second supplement concerns the Kodama state [80-89], which was among the first
proposals for a solution of the Hamiltonian constraint. Although it does probably not
describe the vacuum state of the theory, it has recently regained some attention when
trying to add a cosmological constant to the theory [91-95].
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Supplement: ADM formalism and Witten’s proof

SUPPLEMENT:
ADM FORMALISM AND WITTEN'S PROOF

This supplement gives an introduction to the ADM (Arnowitt, Deser, Misner [8}[74])
formulation of general relativity. It was the first consistent Hamiltonian description
of the dynamics of the theory, and boosted the case for a background independent
quantisation. It has, however one major disadvantage.

Only classical matter (electromagnetic waves, fluids, dust, solids, and all related
things) fit into this formalism. Hinging upon a metric, the ADM framework cannot
account for fermions. We can, in fact, write the Dirac equation in curved spacetime,
only when introducing local inertial frames, that is a vierbein (a tetrad) [128|.

Nevertheless, it is also important to know about the metric formalism, and recognise
that in the absence of fermions both formulations are actually equivalent. The ADM
formulation is also particularly well suited to introduce a certain notion of energy and
momentum for the gravitational field itself [74,/77,/78]. This will, in fact, be a main
topic of this section, which splits into three parts. The first of which studies the
original Einstein—Hilbert action augmented by the appropriate boundary and corner
terms [66-71]. Next, we perform a 3+1 split and recover the ADM Hamiltonian together
with the ADM energy-momentum vector. The last part presents Witten’s proof of the
positivity of the ADM mass. [75,/76,[79]. This we do, also as a motivating example for
what follows in the rest of this thesis. We will see spinors not only play an important
role in classical general relativity, but appear even more prominently when exploring
the chiral structure of loop quantum gravity.

Action and boundary terms

To study the ADM Hamiltonian formulation of general relativity, we start from the
Einstein—Hilbert action supplemented by the appropriate boundary terms. These con-
sist of the famous Gibbon-Hawking—York boundary term, essentially the trace of the
extrinsic curvature tensor, together with additional corner terms belonging to the two-
dimensional kinks [66(71]. Here we are considering a boundary of cylindrical topology,
as illustrated in figure 2.3] The action explicitly reads:

3
¢ [/mva—Q BoK +2 qu+2/d%K}
167TG M 1 o Z

—2/ﬁfv5+2/’fvﬁ. (2.163)
S1 So

Preparations Here M is the four-dimensional spacetime manifold, the boundary of
which consists of three parts OM = Yy U Xy U Z. The cylindrical shell Z, is a
three-dimensional timelike hypersurface, it has topology [0,1] x S, where S is a two-
dimensional spacelike surface with the topology of a sphere. The remaining parts, X,
and Y; are three-dimensional spacelike hypersurfaces respectively, think of them as
being homotopic to a ball in R?. We introduce a time function ¢ : M — [0, 1] to foliate
M as M = [0,1] x X, and define the time-slices ¥; = {t} x ¥ together with its boundary
0% = S¢. We thus also have Z = [0, 1] x X.

SEH[Gab, Nas Za) =
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2 Hamiltonian general relativity

The four-, three- and two-dimensional volume elements d"v are deﬁnedlj from the
Levi-Civita tensor €4pcq as follows:

1
d4U = Igabcdﬁab(}da (2164&)
1 -
d3’Ua = geabcdandy (2164b)
1 -
d2vab = Eeabcdn“l- (2164(3)

If n, be the future oriented time-normal of 3;, and z, denote the outwardly pointing
normal of Z, we can define the intrinsic volume elements on both >; and Z as follows:

d3van® by

By =@ O (2.165)
d3vaz* on Z,

and equally for the two-dimensional volume element:

d?v = dPvgnzb. (2.166)

Further clarifying notation R = R%qcg¢ is the Ricci scalar of the metric tensor ggp,
while K is the trace of the extrinsic curvature tensor:

Van? PN
Jo— J Vet onZg (2.167)
V.2% on Z.

We conclude this paragraph by giving the definition of the rapidity angle = as:

shE = —ng2" (2.168)

Fixing the orientation To integrate the n-forms d"v we have to choose an orienta-
tion. On ¥y (and ;) we say an ordered triple (u®,v®, w®) € T3 1 x T%¢1 x T'%¢,1 of
tangent vectors in T 1 is positively oriented if the quadruple (n%, u®,v*, w*) is posi-
tively oriented in M, while on Z we declare (u®, v*, w®) to have positive orientation if
(2%, u® v* w?) is positively oriented. On Sy, on the other hand, we say (u®,v*) have
positive orientation if (n%, z* u®, v®) is positively oriented with respect to M.

Variations and boundary conditions For the moment let us neglect the corner terms
belonging to the boundary of both 31, and ¥g. We so study only the variation:

5’ ::5[/ d4vR+2/ d%sK] =7 (2.169)
M oM

Here, we have simplified our notation to treat all three components of the boundary
OM = 3yUX;UZ at the same time, while the function € : 9M — {£1}, tells us where

“Here 712+ denote the n-dimensional metric-independent Levi-Civita densities, that in any coor-
dinate system {z"} are defined as follows: 7% := GZBB ...dz” Adx” A ..., with the tilde stressing
that we are looking at a density and not a tensor.
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Supplement: ADM formalism and Witten’s proof

Figure 2.3: We are considering a cylindrical region M in spacetime, the boundary of
which consists of three parts. The top and bottom ¥; and ¥, are spatial
three-dimensional surfaces, their future oriented time-normal we call n®.
The remaining part of the cylinder’s boundary is the outer shelf Z, with
spacelike outwardly pointing normal z,. Both 3; and ¥y have a boundary
themselves, these are the two-dimensional surfaces S and Sy respectively.

we actually are. We set e(p) = 1 for both p € Z and p € ¥, while £(p) = —1 only on
the spacelike hypersurfaces 31 3 p. We also define the normal v, to the boundary as:

>
va:{”a on =01 (2.170)

Zq on Z.
We can now introduce the induced metric on M according to
hap = —SVaUp + Gap, S = V0" € {£1}, (2.171)
allowing us to define the extrinsic curvature tensor of the boundary:
Koy = hoVevy. (2.172)

The vanishing of torsion implies:
Koy = Kpa, (2173)

most easily seen when writing the normal as a gradient of some scalar constant along

the boundary. Regarding variations we use the following notation. If g((;)), and v,(f) are
smooth one-parameter families of our configuration data, we can set for any functional

F of these fields:

Flg9, v, (2.174)

S Flgaval] = 5| _,

de
provided the existence of the differential is granted. We can thus define the covector
dvg € T*OM together with the tensors dgqp, and dhgyp as the variations

5’Ua = 5[Ua], 5gab = 5[gab], 5hab = 5[hab]- (2.175)
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2 Hamiltonian general relativity

This definition, and the usual rules of how to move indices, imply
592 = g%gt45.q = —5[g™), (2.176)

together with:
8[v?] = —8g%uy, + v°. (2.177)

Equations and are often the source of troubles, and one should keep
them in mind when going through the calculations presented below.

Next, we also need the variation of the Levi-Civita connection V,, which is the
unique metric compatible and torsionless derivative on M. Given some fixed vector
field V* on M, we have 6[V%] = 0, and the linearity of the covariant derivative implies
that there always is a difference tensor 6I'%,. allowing us to write:

§[VaV?] = VoV + 610, Ve (2.178)

We can determine the difference tensorﬂ oT?., through the variation of the connection
annihilating the metric V,gp. = 0. This yields

Vagab = 0= Vadgpe = 6Lpeq + 0L cpa- (2.179)

The vanishing of torsion implies 61y = 0 'pee eventually fixing all components of the
difference tensor 6"y to be:

1
0T e = 3 (Vedgab + Vidgea — Vadgse) - (2.180)

Then, we also need the variation of the curvature scalar appearing in the action. The
defining equation V[,V V¢ = 2R3V ® of the Riemann tensor yields:

§[Raab] = Va0l a — V0T 4. (2.181)
For the Ricci scalar we thus get a total four-divergence:
S[R] = V40T, — V6T, (2.182)

The variation of the respective volume elements is the last piece missing in order
to eventually compute (2.169). To this goal, let us observe that the derivative of the
determinant of a matrix X, with respect to its components must always obey:

0 det Xab’

With this equation we find the variation of the volume elements to be:
1
S[d*v] = §d4v 903G, (2.184a)

1
em*d[d3v] = iem*d?’v g®8hap, (2.184b)

“One could think of this tensor just as the variation d[-] of the Christoffel symbols I'*,, in some
coordinate system {z*}. We then see this variation does indeed define a proper tensor, because the
difference of two connection coefficients always transforms linearly.
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where em* denotes the pullback onto the boundary OM.
We have now everything collected, that we need to compute the variation of the
action S’, and what we find is this:

5[5’]—5[/ d4vR+2/ d%sK} -
M oM

=— / d*v 59 (R™ — $9°°R) + / d*vV, (5T, — oTb%,) +
M M

+ 2/ d3ve(%6habg“bK — Vabg™vp — 6™V v+
oM
+ Vabv® + 0T%q0). (2.185)

Remembering the four-dimensional Gaufs law

/d4vVaV“:/ d?’vaV“:/ dBvev, Ve =
M oM oM

:—/ d3vnaVa+/ d?’vnaV“—i—/ d3v 2V, (2.186)
31 Yo Z

we can replace the four-divergence, that came from the variation of the Ricci scalar
, by an integral over the boundary M of M. Demanding stationarity of the
action, we see, the only surviving term in the bulk, i.e. the interior of M, implies the
vacuum KEinstein equations

Gab = Rab — %gabR = 0. (2.187)

Looking at the remaining terms of belonging to the three-dimensional surface
OM we can read off the boundary conditions. For, any variation of the action
preserving the boundary conditions must vanish provided the equations of motion hold
true.

To this goal we have first to further simplify . The boundary integral coming
from the variation of the Ricci tensors combines with the terms already present at 0 M
to eventually give:

3[5']

— / d?’vs[ — vavbég“b + 2V 00" + 6h K — 2dg“bvavb] . (2.188)
EOM OM

In addition to the four-dimensional Gauf theorem this step also involved equation
(2.180). We now have to further simplify equation ([2.188]). First of all we recognise
that

Shapg™ = Shaph®. (2.189)

Then we also need that:
5gabvavb = Shgp K + ségabvavcvcvb, (2.190)

where s = v%v, is again the signature of the respective boundary component ¥, 31 and
Z in question. We now want to try best to get rid of the derivative terms appearing in
(2.188)). We do this by introducing the induced three-dimensional covariant derivative

49



2 Hamiltonian general relativity

D, on M. This derivative is three-metric compatible, i.e. Dyhp. = 0 and torsionless.
If V@ is vector tangential to OM, ®,V? is defined by projecting the four-dimensional
derivation down to OM:

DVl = hlyh, VvV, (2.191)

By linearity this definition extends to any tensors intrinsically defined on dM. To
remove as many derivatives as possible, we absorb them into three-divergences which
we can eventually turn into integrals over the corners Sy and S;. The simplest three-
divergences that we can construct from both dz, and g, are:

Da (h“bégbcvc) = —stgabvavb + vavbég“b — sv“vbvcvachbc + K“bégab, (2.192a)
D, (habévb) = —sKv%0v, — sv0°Vadvp + Vv (2.192b)

What we also need is
v 0V 0 hpe = —20°V 40 0 gpe + 207V g0 S0y, (2.193)

in order to eventually get:

519"

= d3ve| — Da(h™8gpev®) + 2D, (h5 2.194
con = o e = Dl )+ 2D, (0501) (2194)

+ gan (K — K) = 250"V 0"0uy | (2195)

The first two terms are total three-divergences, we can thus write them as just two-
dimensional integrals over S; and Sy, that will eventually cancel the variation of the
corner terms in the action . This we will see later. For the moment, let us
consider the last two terms of . If we want the variation of the action to vanish,
we have to demand the boundary conditions

h*h*5geq| 50 =0, (2.196a)

vV 0604 5y, = 0. (2.196b)

Instead of (2.196b)) one often uses an even stronger condition:
Vg X Ug. (2.197)

This we will however not need in the following.

Briefly summarising what we have done so far, we have seen, once we solve the
FEinstein equations, the boundary conditions and imply the only re-
maining term in the variation is an integral over the two-dimensional corners
Sp and S;. We will now show that the action is functionally differentiable,
that is the contributions from the corners cancel the variations of the rapidity angles
= appearing in the definition of the action .

Four different normal-vectors enter the boundary integral at the two respec-
tive corners, and we introduce the following notationlj to label them unambiguously.
The vector n§ (n{) is the future oriented time-normal of Xy (1), while 2§ (2{) is the
spatial (outwardly pointing) normal of Sy (S7) orthogonal to n§ (n{). On the cylindric
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Supplement: ADM formalism and Witten’s proof

Figure 2.4: At each of the two two-dimensional corners, Sy (resp. S1) we introduce two
pairs of normals, (n§, z§) (resp. (n{, 2{)) and (ng, 25). All timelike vectors
are future oriented, while 2§, 2{ and 2§ all point outside the bounding shell
Z. The vector ng lies tangential to Z, and 2§ is its normal; n§ (resp. n{),
on the other hand, are future oriented normals of ¥ (resp. i), while 2§
(2f) is tangential to Xo (X1) but normal to Sy (51).

shell n§ is a future oriented tangent vector orthogonal to S; = 0%, while 2§ is its
outwardly pointing normal. Figure [2:4] should further clarify the notation.
We introduce the rapidity angles

ShE‘EO = 228 sh E|21 = —nlzg (2.198)

in accordance with our definition (2.168]). We can therefore express at both Sy and 57
one dyade (n{,n?) in terms of the other, e.g. at Si:

ngy = ch=n{ +sh= z{, (2.199a)
zy =shZn{ +ch= 2{. (2.199b)

In the following we will, in fact, only look at the contributions from S;, the corner
term at Sy is found from the expressions at Sy by simply replacing the index “1” by
“0”. We indicate this procedure by writing (0 <> 1).

Again using Gauk’s theorem, this time for the three-dimensional manifolds g, 3
and Z, we find, once boundary conditions (BC), and the Einstein equations (EOM)
are satisfied, that the variation of the action turns into the following integral
over the corners:

3[S"] ‘EOM-}—BC - /

d3v6[ — %, (habdgbcvc) + 2@a(h“b5vb)} =
oM

= d*v [z;niég“b — 22n26g% — 2206n} + 22557@2} — (0« 1). (2.200)
31
Notice that the integral of the total three-divergence over the closed region M in the
first line of this equation does not to vanish, this just happens so, simply because the
normal v® of OM is not continuous across the corner.

“Indices 0,1, 2 refer to the three-dimensional surfaces ¥y, 31 and the cylindric shell Z respectively,
we put them wherever there is enough space left, i.e n2 = gupng.
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2 Hamiltonian general relativity

In there still appears the variation of the metric dg.;,. We can remove this
term, and replace it by variations of the normals, by first looking at the following
identity:

2inlog® = —2lnts[g?) = 6zing + onlz2g, (2.201)

which follows from the orthogonality of n{ and z{. Equation (2.200]) thus simplifies to:
519"] ‘EOM+BC = / d*v [52511‘11 —0nlz8 —622n8 + 5ngzg] — (0 1). (2.202)
S1

Where, again the covectors dn’, §z¢ have to be understood as our fundamental varia-

tions in the sense of equation (2.174)) and (2.175)). That is, e.g.:
620 = §[2!). (2.203)

Let us now turn towards the other half of the problem, that is the variation of the
corner terms as they originally stand in the action (2.163]). The integrals over Sy and S}
consist of two elements. There appear the rapidity angles = next to the two-dimensional
volume element d?v as defined in ; but the boundary conditions (2.196al) require
the pullback of the variation §[d?v] onto Sj 2 must vanish. Therefore, we only have to
ask for the variation of Z, which we can easily compute to be:

d[sh Z] lsl =chZE 5[E]|Sl = —onlz8 — 62208 + 6g%nl22. (2.204)
Employing equation (2.199)), we can write one dyade in terms of the other, such that:
§[shZ] = —shEdnlng — chEdnlzy — chZ622ng +shZ 82228 + 6g%¥nlz2.  (2.205)

Since we eventually want to compare this with (2.202]), we need to get again rid of
the dg? term. The vectors (n?, z%) are normalised and orthogonal, this, together with

equation implies: o
6g%nlzi = —8[g™nl (np shE+ 2z chE) = 20nin{ shE+ch Z(dnlz{ +dzing). (2.206)
The same argument, this time repeated for n} written in terms of n2 and 22 yields:
6g¥nlz2 = —262228sh 2 + ch E(6n2zg + 022n3). (2.207)

Summing the last two equations, and inserting the resulting expression for 5g“bn}lzg

into ([2.205)), we eventually find the variation of the rapidity parameter:
1
I[E] ‘Sl =3 (6zan§ — donlzf + on2zg — 522n3). (2.208)

We can thus anwer our initial problem (2.169)), and say:

2 o— 2 o—
]| - :2/3 d U(S_—z/s d*v o=, (2.209)
1 0

Therefore, the action (2.163]), that is the Einstein—Hilbert action with its appropri-
ate boundary and corner terms, is stationary around the equations of motion, if the
boundary conditions (2.196|) are respected, in other words:

b = 0. (2.210)

[Sen] |EOM+BC
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Conclusion Equation is often summarised by stating that the integral over
the Ricci scalar is functionally differentiable, only if we add additional three- and two-
dimensional boundary terms. There is not only the usual Gibbons-Hawking—York
term [66,[67] for the three-dimensional boundary, but there are further terms, that
belong to the two-dimensional corners, which form, so to speak, the boundary of the
boundary itself |[69-71]. This is a genuine feature of the Lorentzian theory. Given
a three-dimensional boundary of a compact four-dimensional region in spacetime, its
normal must somewhere cross the light-cone, and this is where a discontinuity gener-
ically appearsﬂ The additional corner terms are then introduced to take care of this
discontinuity.

The ADM Hamiltonian

The Hamiltonian formalism is about time-evolution. Looking at the action ([2.163)
we can, however, not identify any distinguished time coordinate. Indeed, general rel-
ativity does not have a preferred notion of time, which is one of the most prominent
consequences of the principle of general covariance.

For that reason, we just pick one specific choice of time ¢ : M — [0,1]. We have
already introduced a convenient notation earlier, when studying the cylindrical space-
time region M = [0,1] x X, sliced into ¢ = const. hypersurfaces ¥; = {t} x X. Figure
2.3| gives again an illustration of the geometry, that we are going to study in more detail
Nnow.

Let us first look at the future oriented normal n® of the time slices ;. These are
the “level”-surfaces of the time-function. Their normal must therefore be proportional
to the gradient of ¢, and we thus know that there is a function, the lapse function
N : M — R, such that

ng =—NVut, N >0. (2.211)

Next, we are choosing a “clock”, that follow@ a future oriented vector field t%. If this
clock shall “tick” such that it actually measures ¢, we must have:

9Vt = 1. (2.212)

In other words, we could think of t* as a derivative associated to the t-coordinate:

o = (gt)a. (2.213)

We can decompose this vector field into a component tangential to >, this we call the

shift vector N, and an orthonormal part. Equations (2.211)) and (2.212)) imply, that
the normal component must be proportional to the lapse function, and we can thus
write:

t* = Nn® + N°. (2.214)

“In principle we could put corners wherever we want. This would however make even more corner
terms necessary. We could also try the opposite, and smear out the boundary to smoothly cross the
light cone. This is, however, only possible if we regularise the Gibbons-Hawking—York term at the
moment where the normal becomes momentarily null [115}/129]

“*This is not a clock in any strict physical sense, the vector field ¢t* must not follow any physical
trajectory, and t* could in principle be spacelike.
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2 Hamiltonian general relativity

The action that we are considering is (2.163)), let us just agree on one simplifying
assumption: The hypersurfaces of constant time shall intersect the cylindrical shell Z
orthonormally. The corner terms thus disappear and our action becomes

3

if ngz®=0: SEH[gab’na’za]_lfSCTrG[/ d4vR—2/ v K+
M 31

+2/El d3uK+/Zd3vQ] (2.215)

Compared to we have also slightly changed our notation to better distinguish
the extrinsic curvature K, on the spatial slices ¥; from the extrinsic curvature Qg
on the outer shell Z. Otherwise our notation would become a little too cumbersome
here. For the sake of clarity, let us also repeat the definitions of the extrinsic curvature
tensors on both »; and Z:

Koy = ho“Veny,  Qab = ¢a“Vezs, (2.216)

where hgp, = ngnp + gap, and Qo = —2¢2p + gap are the intrinsic three-dimensional
metric tensors on ¥, and Z respectively. Here, just as in the last subsection, z¢ is the
outwardly pointing normal of the outer shell Z = [0,1] x S, while S; = {t} x § = 0%;.

The next step is to actually decompose all configuration variables into parts in-
trinsically defined on the spatial slice, and additional extrinsic quantities coding the
infinitesimal change of the intrinsic geometry when following the time-flow vector field
t®. We start with the integrations measures themselves. We find, with our
conventions for the choice of orientation on M, ¥;, Z = [0,1] x X, and S; = 9%; as
defined in the paragraph just below of equation that

1
/d4v...:—|—/ dt/ BN .... (2.217a)
M 0 i
1
/d%...——/ dt/ d*vN.... (2.217b)
Z 0 St

Then we also have to decompose the integrands. First of all we are looking at the
trace @) of the extrinsic curvature tensor of the outer shell Z. We can use the three-
dimensional covariant Levi-Civita derivative ©, on the spatial hypersurfaces of equal
time, defined just as in equation (2.191)), to write:

Q% = V2% = hy"Vp2® — ngn®Vipz?® = 2% + nPVyng2°. (2.218)

We are now left to split the four-dimensional Ricci scalar into its extrinsic and in-
trinsically spatial parts. This famously employs the Gaufs—Codazzi relations linking
the intrinsic three-dimensional curvature with the four dimensional curvature. Let
Ve e TY; be a vector field tangential to a ¢ = const. hypersurface. We define the
three-dimensional Riemann curvature tensor:

DDV — DD,V = BV R, V7 (2.219)

A short-calculation relates the three-dimensional curvature to the four-dimensional
Riemann tensor Rg.q. We eventually get:

®) Rcdab = th/ hdd/ haa/ hbbch’d’a’b’ - Kcade + chKda- (2220)
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Contracting the appropriate indices yields the three-dimensional Ricci scalar
R = R+ 2nn" Ry — (K%)? + Koy K. (2.221)

The Rgpyn®n® term is still a little disturbing, because there is the four-dimensional Ricci
tensor, while we are rather looking for the properties of the three-dimensional geometry.
We thus turn this term into a sum over two pieces, one being quadratic in the extrinsic
curvature while the other is just a total divergence. In fact, using the defining property
of the Riemann tensor

Vo Vpn® — VyVan® = RCgapn?, (2.222)

we eventually get
Rapn®n® =V, (nbvnna — navbnb) + (K“a)2 — K, K. (2.223)
Combining and allows us to write the four-dimensional Ricci scalar as:
R=—(K)*+ KupK®+®R -2V, (n"Vyn® — n°K). (2.224)

Inserting this equation into our original action , while also using the 3+1 decom-
position of the extrinsic curvature on the outer shell, and taking care of both
the volume elements and the orientation of the four- and three-dimensional
manifolds, we eventually get:

c? ! 3 b 2
_ ab B)p b a__ ,a
Sen 167rG[/0 dt/ztva(KabK K2+ ®R -2V, (n"V,n nK))

—2/ d3UK—|—2/ v K
o o
1

~2 / dt / @20 N (D2 — n"Vynaz") | (2.225)
0 pIP

Almost all boundary terms cancel through the four-dimensional Gaufs law (2.186)),
which leads us to:

3
167G

1
Spi = [ / dt / dPv N (KpK® — K* + ®R)
0 ¢

1
—2/ dt/ d%N@aza}. (2.226)
0 St

This is the ADM action, which is the original action written in terms of the
intrinsic metric hgp, = ngnp + gop and the lapse function N and the shift vector N¢
(2.214).

Next, we are introducing the canonical momentum of the spatial metric. We can
find it from the differential of the Lagrangian with respect to the “velocity” of the
configuration variable, that is the time derivative hap of the spatial metric. There is
a geometrically clean way of defining this velocity in a coordinate invariant way. This
definition takes the four-dimensional Lie-derivative L£; of the spatial metric along the
time-flow vector field t* and projects it back onto the spatial hypersurface. Following
this prescription we thus set

hap := ha® by Lihary . (2.227)
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2 Hamiltonian general relativity

Next, we will link this velocity to the quantities we already know. Inserting the decom-
position of the time-flow vector field into lapse and shift, that is using , we find
the extrinsic curvature K, measures—up to an infinitesimal diffeomorphism generated
by the shift vector—right that velocity:

1

Ko = —
ab IN

(hap — Lnhap)- (2.228)
The last term on the right hand side is the intrinsic three-dimensional Lie-derivative
Lnhgy of the spatial metric—the infinitesimal diffeomorphism just mentioned. With
®, again denoting the intrinsic three-dimensional covariant derivative this term equates
to

Lnhgy = DNy +DpN,. (2.229)

At this step it is useful to introduce the Wheeler-DeWitt metric (a tensor density of
weight one), and its inverse of weight minus one:

“abed _ AV bd dpb by cd
Gred = 7(h‘wh + h*h* — 2R ), (2.230a)
( d3v)_1

Gabed = (hachid + hadhbe — habheq). (2.230b)

The powers (d®v)* should just remind us, in a coordinate invariant fashion, of these
quantities being tensor densities. Variation of the action with respect to hgp reveals
the ADM momentum

70 = Gobed ¢, — dBy(K® — hoK) (2.231)

together with the symplectic structure. The only non-vanishing Poisson brackets are

h(achb)d5(3) (p, Q)’ (2232)

167G
- 3

{ﬁab(p)vhcd(Q)} c

where §©) (p,q) is the three-dimensional Dirac-density on the spatial slice. After per-
forming a partial integration to replace ®,N,7® by N,D,7 the action assumes the
Hamiltonian form

- 3 1 . ab b e s
SEH—lGﬂ_G[/O dt/2t<hab7f + 2N DY = N (Gapea® 7 — 0 R) )

1
—2 / dt / d%(N@aza+zaNb(Kab—habK))] (2.233)
0 St

This action lacks any derivatives of lapse and shift. The variation of these Lagrange
multipliers thus leads us to the following constraint equations:

3
H=_° / M (Gapea®7 — Pv®R) 20,  HIN]= | NH, (2.234a)
167G poll ¢
3
Mo = ———hea®pi® £ 0, H,[N] = / NOH,. (2.234b)
87TG ¢
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We call H and H,, the Hamiltonian and diffeomorphism (vector constraint) respectively.
Remember also our boundary conditions (2.196a)). They require any variation of lapse
and shift must vanish on the cylindrical shell Z. That is

§N|,=0=06N" (2.235)

P2
Therefore the integral over the cylindrical shell appearing in the action does
neither contribute to the Hamiltonian nor the vector constraint.
Looking at the evolution equations for h,, and K, we find that they are generated
by the ADM Hamiltonian:
hap = {HAPM by} (2.236)

This Hamiltonian is a sum of the constraints (2.234]) and the ADM energy:
HAPM — [[N] + H,[N| + EAPM, (2.237)

The first two terms vanish if the Einstein equations are satisfied. In this case only the
last term, thus measuring the total energy of the gravitating system, can survive. We
can easily read this energy off the action (2.5)), it is the integral

EADM — _ pADMga] c?

= — | Pvo(NDy 2%+ 2,Np(K® — h®K 2.238
s7G s, v( Da2% + 2o Np( )) ( )

over the two-dimensional boundary S; = 0%; of a ¢t = const. hypersurface. Here, we
have also implicitly introduced the ADM four-momentum PfDM contracted with the
time-flow vectorfield t*. We will see, that the energy as it stands in , does actu-
ally diverge as we approach spatial infinity. This will make a regularisation necessary,
which will eventually give us the ADM energy in its most recognisable form. Once we
have this expression, we will then repeat Witten’s proof of why this energy is always
positive.

Asymptotic form of the ADM energy It is important to know how equation ([2.238)
behaves for an asymptotically flat geometry at spatial infinity. This will lead us to the
most common form of the ADM energy.

A spacetime is said to be asymptotically flat, if there is an inertial coordinate system
{a#},=0,1,2,3 at spatial infinity, such that the metric and its derivatives scale as

fw/ = O(T_Q)v

Dot — o). (2.239)

uv = Nuv + f,ul/ + O(T72)7 {

where, r = /0;;x'z7 is the radial coordinate. Calculations simplify when introducing
an orthonormal frame, that is a cotetrad e*,. Looking at (2.239) we find that the
cotetrad scales asymptotically as:

nte =dzt + Lt + O ). (2.240)

Here, and in the following we move all indices by the flat background structures. These
are the Minkowski metric 7,,, the flat cotetrad dazf and its inverse 0. The spin
rotation coefficients of the perturbed cotetrad n*, take the asymptotic form

whyg = %(a,, fol — 0" far) + O(r™ ). (2.241)
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The extrinsic curvature is one of these coefficients:
1 _
Kij = wioj = 5(80]% — aifjo) + O(r 3). (2.242)

Inserting this expansion into the expression of the ADM momentum (2.238)) we even-
tually find

3
PADM _ _
" =

: ko ok kol ska gl
e Jim o Py, (00" — 0% fio — 0500 f'1 + 07 O o), (2.243)

where S2 is the r = \/x;x" = const. sphere bounding the spatial hypersurface, and
d?xj, = d cos 9 dp r20,r is the integration measure of the sphere in the flat background
geometry.

For the ADM energy itself the situation is a bit more tricky. Our definition (2.238)
diverges for 1 — oco. The divergence stems from the zeroth order, that is the contri-
bution from flat spacetime at infinity. The calculation is immediate, the zeroth order
is:

_ (O pADM _ iy dQQrQ@(

T—00 S2

L ) = . (2.244)
\axlx;
This diverging term, does, however, not contain any of the gravitational degrees of
freedom at infinity, since we easily see, there is no f,; appearing here. If we subtract
it from the Hamiltonian , dynamics remains unchanged and we do not loose
anything. This means that we are only interested in the variation § EAPM of the ADM
energy around the flat background at infinity. We now calculate this variation. As a
first step we write the energy in terms of tetrads:

87

3 3
— PPN = /S P = 5a /S Capun 2Vt A e, (2.245)

Here n®, and z® are the two internal normals of the two-dimensional » = const. sphere,
e.g. n% = e*,n’ while V is the exterior covariant derivative. A short calculation
reveals all variations of these normals vanish around the flat background. If we also
assume the variation should preserve the intrinsic two-dimensional metric of the sphere,
and take these as our boundary conditions, then we can only take the variation with
respect to the connection

3
C
— SPPM L = e /S €apun®z’ 2/ 8wty A dz. (2.246)

This variation dw*,, is just the difference between the spin rotation coefficients cor-
responding to the two cotetrads dzh and n#, at infinity. Since the inertial coordinate
system is, ipso facto non-rotating (we could also say instead d Adxh, = 0) this difference
must equal to equation . In other words

e = Wyva —_0 . (2.247)
contribution from dz*
A little algebra gives
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oFs BC 8@ /5,, @i 167G /Sr @i (8 Joe = O )’ (2.248)
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where d?z;, = dcos?¥der?0,r again denotes the two-dimensional volume element of
the sphere with respect to the flat background geometry. If the shift vector vanishes at
infinity, we thus get the familiar expression of the regularised ADM energy

3
ADM| _ _pADM| _ _C .. o i ok .
E ’reg =—F ’reg 167G Tll{glo S d :El(azf k= Ok f z)' (2.249)

In the next subsection, we will sketch Witten’s proof of why this energy is always
positive. Before we go into this, let us first comment on the first attempts to quantise
the theory starting from the action ([2.163|).

Wheeler-DeWitt theory The Hamiltonian theory that we have just reviewed, led to
the first attempts towards a background independent quantum theory of the gravi-
tational field. The strategy was fairly simple, the momentum variables got replaced
by functional derivatives, acting on complex-valued functionals W[hy] of the spatial
metric:

16ithG 6

~ab

Ulhg| = ——————V]ha)- 2.250
R (2250)
The wave-functional W[h,;] was to describe the quantum state of the gravitational field.
For ¥ to be a physical state additional conditions need to be satisfied. The classical
constraints (2.234)) must be turned into operators annihilating the physical states Wy,
schematically:

ﬁquhys - 07 ﬁaquhys =0. (2251)

The first of these constraints is now famously called the Wheeler—-DeWitt equation. It is
however badly ill-defined. Beside the notorious ordering ambiguities in the kinetic term,
and the troubles when multiplying operator-valued distributions at a point, what makes
things really difficult are all the non-polynomial terms appearing in the Hamiltonian
constraint. Following this approach, one would have to deal with square roots and
the inverse of totally unbound operators. Furthermore no Hilbert space, where these
operators could at least formally be defined, could have ever been constructed. One
would have needed a measure in the infinite-dimensional “superspace” of all three-
dimensional geometries. For these technical troubles, actual calculations were mostly
done in symmetry-reduced settings, where only some gravitational degrees of freedom
(e.g. the scale factor of the universe) are quantised.

In the next two chapters (chapter [3| and chapter , I will try to convince the reader,
that loop quantum gravity can go much beyond the Wheeler-DeWitt theory, and may
hopefully reveal some truth about what goes on at the Planck scale.

Witten's proof of the positivity of the ADM energy

To prove the positivity of the ADM mass Witten starts [75] from the three-dimensional
Dirac equation on an asymptotically flat Cauchy hypersurface 3. This equation states

Dyt = 0?5 ViXE = 0. (2.252)

The underlying hypersurface belongs to a four-dimensional spacetime manifold that
solves the Einstein equations with some rather unspecified matter content. The only
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restriction on the energy-momentum tensor is the dominant energy condition. This is
the requirement that for any observer following a timelike vector field n%, the momen-
tum vector —Tn® should always point towards the future, (i.e. any observer should
never see matter moving faster than light).

Preparations Let us stop here for a moment in order to explain the various elements
of this equation. The spinor field x4 takes values in C2, A, B,C,... are left-handed
indices, for their right-handed counterparts we put a macron and write A, B,C,....
The spinor indices are moved by the epsilon tensor according to the definitions collected
in appendices and The four-dimensional Levi-Civita derivative is V, (both
metric compatible, and torsionless), while 045, is a matrix-valued one-form in 7Y,
generalising the Euclidean Pauli matrices to the spatial slice under consideration. We
can construct these matrices most easily from the four-dimensional soldering forms (the
Infeld—van der Waerden symbols)

o4, =0t (2.253)

that enter e.g. the definition of the self-dual part of the Plebanski two-form ¥,3 =
Na Ang. The self-dual part of the Plebanski two-form is a basis in sl(2,C), we can find
it from the wedge product of the soldering forms:
1 —
A AC  —

X% Bab = 57 [a9CBY- (2.254)
Here, the anti-symmetrisation should act on spacetime indices only. The Pauli matrices
on the spatial slice ¥ are now nothing but the “electric” (i.e. the time-space) component

of the self-dual generators (2.254]). We set
04 a 1= =254 gpn?, (2.255)

where n® is the future oriented time-normal orthogonal to the spatial three surface
Y. These matrices have a number of important properties, they are traceless, purely
spatial, i.e. 045,n® = 0, and obey the Pauli identity

02000 By = hapdp + icap’o Bes (2.256)

where hgp = ngnp + gep again denotes the induced metric on the spatial slice, while
Cabe = Edapen® is the three-dimensional Levi-Civita tensor. These properties can most
easily be proven by considering an orthonormal frame and using the explicit matrix
representation of the Infeld—van der Waerden forms. If equation holds in
one frame, it must be true in any frame, simply because the soldering forms
transform covariantly under local Lorentz transformations. We can then also show:

1
54 peah®ah®y = i%chABc, (2.257)

which follows from the self-duality of the generators (2.254]) and our definition of the
Pauli matrices (2.255)). The time-normal picks a Hermitian metric, with respect to
which we can define the Hermitian conjugation:

Sad = 0ai ey Xy = 04X (2.258)
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Then, we also have ) )
0 Ba = ha? 0Py 55 = —ha'5 1507, (2.259)

which implies the Hermiticity of the Pauli matrices with respect to the metric just

defined:

A

04 pa = 6458 ;1 55 = (6 pa. (2.260)

If the connection is metric compatible and torsionfree, the soldering-form is covari-
antly constant: )
Vo4, =0, (2.261)

where the covariant derivative must “act” on all three indiced’] For the Pauli matrices
the situation is different. The time-normal appears linearly in the defining equation
(2.255)), resulting in the covariant derivative to be:

Vao gy = 25" g Van. (2.262)

Sketch of Witten's proof With these preparations we are ready for the actual proof of
the positivity of the ADM mass. If x4 is a solution of (2.252)), also the squared Dirac
operator I must annihilate the spinor field x*. In other words:

2
0=P"x" =" p*Va(oP 5" Vix") = 0" p 0" B"VaVix” — 20" p* BV B Koe Vi ®
= WV Vix* +ie 0 5.VaVix” + 0 pac” g KnVex "+
— 204 p0%P gy A b Koo VX B, (2.263)
Here, we used the matrix identities (2.255| [2.257]) and also split the covariant derivative
VX2 into its spatial and temporal components. The extrinsic curvature tensor K :=
hq®Vny appeared, since the Pauli matrices are purely spatial. This allowed us to write
o5V onp = 04 5% Veny = 04 g K%,
We can further simplify equation (2.263]). With the appearance of the antisymmetric

£%¢ tensor we can introduce the commutator of two covariant derivatives. This yields
the sl(2, C)-valued curvature two-form R4 gy

1
v[avb]XA = §RABabXB- (2264)
This is the field strength of the self-dual connection:
RAB = deB —l—wAC /\ch. (2.265)

We can build the sl(2, C)-valued self-dual connection in several ways, for instance as
follows: If w*,, are the spin rotation coefficients, i.e. the components of the so(1,3)
Lorentz connection, themselves determined by the equation for the vanishing of torsion

Vvt =dn* +wh, An” =0, (2.266)

“In a coordinate system {z*} the covariant derivative acts as Vua“ma = augAAa — FB,WUA‘% +
wouo@ta + @A@MUACQ, where I'®3,, are the Christoffel symbols and w” 5, ((:)ABH) are the self-dual

(anti-self-dual) part of the spin rotation coefficients. Equally: VuxA = (’)HXA + wABMxB
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then, the sl(2, C)-connection is nothing but the self-dual part of the spin connection,
ie.

1
wip = §2A Bt (2.267)

This relation survives one level higher, when looking at the respective curvature tensors.
Indeed, the field-strength of the self-dual connection equals the self-dual part of the
Riemann curvature tensor, in other words

1
RABabXB = izABcdRCdabXB- (2268)

Thus inserting the curvature tensor, we can now algebraically simplify the term involv-
ing the commutator of two covaraint derivatives in (2.263)) according to:

eWeoA p 2P g R oy = —2e0 4 5 2P g pnd ng R+
+ 5abCUADcEDBefh€e’hff/ Re,flab =
abc _A

1
=& 0 DcO'DBendREdab + iga

b A D d
“cearo’ peo” R oy =

T O O % cbee, SARY 4y + % cabee, e 954 g RET o,

= 2i0? gy na R ca + 103 ha B R} =

= 2ic 5N’ G oy + 21640 NG, (2.269)
where we have used the Bianchi identity R,.q = 0, together with the matrix identities

2.255| [2.256) [2.257)), and the determinant formula 6“bcedef = 3!h£1ahgh(}]. Notice the
crucial appearance of the Einstein-tensor Gy, = Rgp— % gap R in the last line. This allows
us to introduce the energy-momentum content of the underlying spacetime geometry.
Employing the Einstein equations

8rG

Gab — CTTab, (2270)

and after having defined both energy density €, and momentum-flux p, of the matter
content according to

€ = Tyn®n’, po = —ho"Then®, (2.271)
we thus get:
167G
eWoAp 2P g R 4y = = (— o pap® + d€). (2.272)

Next, we will simplify the two remaining parts of (2.263). Using the symmetry
Ka, = Ky, of the extrinsic curvature tensor, together with Ipx? = 0 and the algebraic
properties of the Pauli matrices, we eventually get:

o4c% 0 B KyynVex P = K4 nPVyx4, (2.273a)
—204c0%C BV R b Koo VX = —0 2 5a KV E. (2.273b)
Reinserting (2.272)) and (2.273) into (2.263]) we have:
4rG
0= P°x* = PV, Vix* — (- o pap™ + 5me) X B+
+ K2nbVixA — 045 KOV . (2.274)
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In the next step, Witten integrates this equation against the Hermitian conjugate
Xi; over the spatial slice. The resulting expression turns into an integral over the
two-dimensional boundary S = 0%.. This boundary integral stems from the following
three-divergence:

Do (h™6 4 4 Vix ) = 042 VX Vax? + Kan®Vyx A+
+ o KAV, (2.275)

where we have used the intrinsic three-dimensional covariant derivative ®,, as defined
in (2.191). With Gauft’s theorem, the integral of (2.273)) contracted with XL thus gives:

0= /d?’vxllﬂQXA = / d2vah“bxjr4vaA+
b ox
— / A6 4 gh®* VX BV ox? — % / dBUXTA (eéé — paaABa)XB. (2.276)
b b
Here d3v is the metrical volume element on ¥, while d?v, = d?vz, is the induced
integration measure on 9%, with z, € T*% being the outwardly pointing normal of 0%.
See equations , and figure for further details.

Equation is the key to Witten’s proof of the positivity of the ADM mass. If
the dominant energy condition [8] holds, the last term of is always negative.
With the hypersurface ¥ being spacelike, hq, and 0 4 5 are positive definite, and therefore
also the second term has a definite sign. We thus have:

N v h®x Vx> 0. (2.277)
It remains to show, that the left hand side equates to the ADM energy. If compared
to the original proof, we present here a simplified, less rigorous argument.

We assumed that the metric is asymptotically flat. This allows us to introduce inertial
Minkowski coordinates z#, u = 0, 1, 2, 3, around spatial infinity, that be asymptotically
aligned to the spatial hypersuface ¥, that is ¥ should approach an z° = const. hy-
persurface. Moreover, its boundary % be a two-dimensional sphere S2? of constant
r = \/0;jxiz) reaching spatial infinity for r — co. We will now asymptotically solve
in order to evaluate for r — oo. We do this by common methods of
ordinary perturbation theory, without, however, rigorously proving the mathematical
consistency of the whole procedure. We assume, the following asymptotic behaviour of
our elementary fields

x4 = OxA e WA L 02, (2.278a)
1% = On, +eWn®, + O(2). (2.278b)
The parameter 0 < € < 1 in this perturbative expansion is the variable to solve (2.252)
order by order, we could think of this “bookkeeping device” as the ratio e = M/L of
the typical length scales of the problem, where M is the mass (in units of length) of
the gravitating source and L measures the spatial distance from the source. For the

tetrad, the zeroth order equals the differentials of the inertial coordinate system at
spatial infinity. Looking back at (2.240]), we can thus introduce the abbreviations

Onq =dag, Wn = . (2.279)
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We now also need to know how the derivatives of our elementary variables scale along
the radial coordinate. This is done in great detail in Witten’s original work. Here we
take the asymptotic behaviour of the fields as an additional input. In agreement with
the original paper we set:

9o XM =0, 0 W, =007, (2.280)

Further clarifying notation, d, is the covariant derivative with respect to the flat back-
ground metric 7y, = nagdxgd:v’g at spatial infinity. Moreover, here and in what follows,
four(three)-dimensional indices are always raised and lowered by the flat background
structures. These are the Minkowski (Euclidean) metric 7,4 (d;;) at infinity, the in-
ertial cotetrad dzf; and its inverse 92. For e.g. the o-matrices we can thus write the
expansion:

JABHn“a = O‘ABZ‘dQS‘Z + O(e), (2.281)
where o; are just the ordinary Pauli matrices of R3. We then also need the spin rotation
coefficients. Expanding around € = 0 we get:

Wapu =

(95 fua — Oafus) + O(2). (2.282)

N =

We are now ready to formally solve equation ([2.252)) order by order in the dimen-
sionless parameter €. The zeroth order of equation (2.252)) is easily identified to be:

o250, O\ = 0. (2.283)

Looking at a Fourier expansion y(z?) o exp(iksz?) it follows from (0%k;)? = k21 that
the only solution of (2.283) is a spinor constant in space:

Oy A(z7) = 4. (2.284)
For the next non-vanishing order in € we have:
ea? 50, W\ B + o4 giwB oy 0y =0, (2.285)

where wABM is the self-dual part of (2.282)), just as defined in ([2.267). We introduce

the three-dimensional Christoffel symbols I" ij, together with the extrinsic curvatur

. 1 .
I, = iqmw’mi, (2.286a)
Ky = Kj = %, (2.286b)

and can write the self-dual connection in terms of complex Ashtekar variables:

1 . 1
WABZ’ = EUABZ (Fli + lKlZ') = EO'ABIAI%‘. (2.287)

“We can always choose our Lorentz frame such, that for both the physical metric and the asymptot-
ically flat geometry the surface normal n® of 3 is always aligned to 85, i.e. n* = e%,n® = 65 = dzgn®.
In this case UJOij agrees with the extrinsic curvature of the spatial hypersurface. This is implicitly
assumed in the following.
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Supplement: ADM formalism and Witten’s proof

Equation ([2.285)) allows us to express the radial derivative in terms of the zeroth order

spinor 4 and additional derivatives on the sphere:

0, Wx? = =00 5i (0P i 0k Vx© + e o BFwP e, (2.288)

where, ¢;; = d;; — dr;dr; denotes the two-dimensional induced metric on the sphere.

Let us now study the asymptotic expansion of (2.277). We find the whole expression
starts at first order in ¢

/ dzvahabéAA)ZAVbe = / d2x6AA(O))ZA8Z (Eai(l)XA -+ wABi(O)XB) +
ox S2

+ O(e%). (2.289)

Notice also that the spin rotation coefficients are of order ¢, and therefore they
do indeed contribute to the first non-vanishing term in the asymptotic expansion of
. Moreover, d?z denotes the volume element on S? with respect to the asymp-
totically flat background geometry. We now want to get rid of the radial derivative of
(1) yA appearing in the first term on the right hand side of equation . This we do
by employing equation , and find after some algebraic manipulations involving
the Pauli identities that:

/52 d2m5AA(0)>ZA8f; (881‘( )X + w? Bi © B) /52 d2x€AaZ [ - EieiijABjak(l)XB-f—
1 .
- §6ilmAml€A - %EilnenkaABkAmlEB} . (2.290)

Let us study this expression a bit more carefully. We see the first term on the right
hand side is an integral of the total exterior derivative of the one-form 5T ol g )XB dak
over the two-dimensional surface S? = 9. By Stoke’s theorem this 1ntegral vanishes
by itself simply because S? is closed and has no boundary. With some little algebra

(2.290) now further simplifies:

— 3 1
/S ] 0,6 45X PRV A = /S 2 d*zel ! [ — €itm (T iK™ ) ety

" " Kij=Kji
o (T +iKF - shrm, — i&mem)gB} +O(2). (2.291)
2 ~— ~——
— boundary term =0

All terms decorated with small braces vanish by the mechanism indicated underneath,
e.g. the expression containing the anti-symmetrisation of Kj; disappears since the ex-
trinsic curvature tensor is symmetric, while Of;Fik = %87’;6,,17;”8” fF™ contracted with the
constant three vector efoye is an exterior derivative. This derivative cannot contribute
to the overall integral again through Stoke’s theorem, since the two-dimensional bound-
ary S, is closed. For the trace I'™,,, on the other hand, we see this equates to zero,
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simply by looking at its defining equation (2.286b]). In summary, the only surviving
terms are:

- 1 . )
/ 2 20,0 45X PRVt = = / ] d*z'e!, o) [eilmrml5§+
S 52

(3

— ot (K = FK™ ) |7 + O(?)

_1 d?zel, [5§ (0ifi' = aufhs)+
4 Jg2

+ 0 gr(O0fi" — 0if*o — 67 (Do f' — 6zflo))} B+ 0E?). (2.292)

Here d?z' = d%x0! is the two-dimensional volume element on the sphere, multiplied
by the surface normal. The first term on the right 9hand side is of order ¢, and all
higher orders have been neglected. This equation, when looking back at gives
the positivity of the ADM mass. Comparing the two terms of equation with the
spatial and temporal components of the regularised ADM four-momentum at spatial

infinity, as defined by equations (2.243)) and (2.249)), we get the desired inequality:

- o sabs Ao A ATG apum _A_A
Tlggo - d*vah™ 04 X" Vex© = CTP& [044"E7 Jreg =

_ 4 G _
= / d3v6 4 1RV PV — LS / BoxxAo 41y T > 0. (2.293)
by ¢ by

Here we have used our assumptions on the asymptotic behaviour of the elementary
fields and their derivatives , implying only the first order in € survives
when going to r = L — oo. This is not an assumption in Witten’s original proof, which
was much more careful on this very essential step.

Conclusions Because % = —¢ 4 ;%64 defines an arbitrary future pointing null vec-
tor, equation proves, that the regularised ADM four-momentum
defines a future-oriented four-vector sitting in the asymptotically flat background. In
other words, the ADM mass [2.249] is always positive. For, the first integrand in the
second line, i.e the term 5AAh“bVa)2AVbXA, is always greater or equal to zero, while the
second term is positive by our assumption, i.e. the dominant energy condition. From
(2.293) we can also prove that the ADM energy vanishes only in empty Minkowski
space. This can be seen as follows. If the ADM energy equates to zero, both the first
and the second term of the second line on the right hand side of must vanish
individually. The first term disappears only if:

ha" VA ,=0, Vpex. (2.294)

Taking the commutator of two such derivatives, and projecting the resulting quantity
back onto the spatial slice immediately leads us to:

’ / ’ /
ha® by Ry 24 peax®|, = 0= ha” " Redary

,=0 Vpex. (2.295)

Here, the left hand side implies what is written on the right, because we can choose for
any p € ¥ the value x4 (p) € C? freely: for each ¢4 € C? we can always find a solution
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x4 of such that y4(p) = e4. Next, the ADM energy is conserved in time. This
means that the value of the ADM energy does not change under deformations of the
spatial hypersurface. Therefore, holds for any hypersurface, and we find that
the ADM energy vanishes, only if the geometry is flat, i.e. Rgpeq = 0. If the geometry
is flat, Einstein’s equations imply the absence of matter, i.e. T,, = 0. Therefore the
ADM mass vanishes only in flat Minkowski space without matter. This concludes our
review on Witten’s beautiful analysis of the ADM four-momentum.

SUPPLEMENT:
THE KODAMA STATE

We are now going to study the Kodama state |[80-89] in self-dual variables. It formally
solves the Hamiltonian constraint and was thus thought to describe a possible vacuum
of the theory. Witten |90] soon realised this cannot work. Nevertheless this state may
still play some role in the quantum theory. In fact, the Kodama state has regained some
attraction, when a number of authors conjectured [91-95| that a g-deformation [130] of
loop quantum gravity would automatically add a cosmological constant to the theory.

To introduce the Kodama state we have to understand some elementary properties
of the Chern—Simons functional of the Lorentz group. This will be our first task. The
second is to see why the Kodama state is only a formal solution of the Hamiltonian
constraint, and why it yet does deserve some attention.

The Chern-Simons functional of the Lorentz connection

To define the SL(2,C) Chern-Simons functional of the self-dual Ashtekar connection
we set:

2
Y [A] :/Tr(A/\dA—i—SA/\A/\A). (2.296)
)
We calculate the functional differential and find

dY[A] = —/BETr(A/\dA) +2/2Tr(dA/\F). (2.297)

If ¥ is closed the boundary term vanishes and we immediately see that the Chern—
Simons functional is a generating potential for the “magnetic” field, i.e.

SY[A] 1 .
‘ — __na CF‘
6Aza(p) 2 ibc

= —B;*(p), (2.298)

where 7%¢ is again the Levi-Civita density. If ¥ is open, or has a finite boundary, we
can achieve only by requiring additional boundary conditions. Take ¥ = R3
as an example. The boundary term in disappears if we restrict ourselves to
variations of the connection that vanish at spatial infinity. To be more precise, we
demand that lim, ,,, em;dA = 0, where em, denotes the canonical embedding of the
|Z] = r = const. two-sphere into R3.
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Gauge invariance Since the integrand of (2.296[ manifestly breaks gauge invariance,
we have to check what happens when using the transformed connection

A9 =g ldg+ gt Ag, (2.299)

where g : SL(2,C) — X denotes the gauge element. Performing a partial integration
we find

quznm_/

Tr(dgg™' A A) — E / Tr(g 'dgng 'dgngtdg). (2.300)
o% 3 /s

If we restrict ourselves either to the case of ¥ ~ S3 or demand appropriate boundary
conditionsﬂ on g, this implies the difference Y[AY9] — Y[A] equals the winding number:

1 _ _ _
n(g) := 247r2/2Tr(g YgAngtdgng 1dg). (2.301)

The winding number n(g) € Z measures how of often the map g : S3 — SL(2,C) wraps
SL(2,C) around S®. How can we understand that n(g) defines a natural number?
Reference [123] proofs n(g) € Z for an SU(2) gauge symmetry. We can immediately
generalise this proof to allow for SL(2,C) gauge transformations. The argument goes
as follows. First of all one needs to check that n(g) is a topological invariant. This
means that if we can continuously deform the map g into ¢/, then we have n(g) = n(g’).
Next we note that any Lorentz transformation can be written as a product of a rotation
and a boost, and we can thus write any gauge transformation as g = U exp(%Eiai),
where U : ¥ — SU(2), and =% : ¥ — R3. This decomposition implicitly shows that we
can continuously deform Z¢ to the null vector Z¢ = 0, hence n(g) = n(U) € Z.

This proves that the Chern—Simons functional transforms homogeneously only under
small gauge transformations, i.e. those that are connected to the identity. For generic
gauge elements g : ¥ — SL(2,C) we find instead:

Y[A9] - Y[A] = —8x%n(g), n(g) € Z. (2.302)

Next, there is also the complex conjugate connection A’, = I'Y, — iK",, for which
equation (2.302)) remains unchanged, we have:

Y[AY) - Y[A] = —8r%n(g) = —87*n(g) = —87°n(g). (2.303)

Where g equals the gauge transformation in the complex conjugate representation of
the group, i.e. the right-handed representation. Notice that the respective winding
numbers are the same, i.e. n(g) = n(g).

The Kodama state as a formal solution of the Hamiltonian constraint

Following the general ideas of [80} 82,86} /131] we are now going to reconstruct the
Kodama state for chiral variables. This is a formal solution of all first-class constraints

“Possible boundary conditions require that the Maurer—Cartan form vanishes at infinity, i.e.
lim, 00 em’g~*dg = 0 where em, again denotes the embedding of the |Z| = r = const. two-sphere
into R3.
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(2.95) of the theory. Because it does not impose the reality conditions ([2.97} [2.152)
this functional does however not describe a proper quantum state of gravity.

We are working in a “position” representation, and take complex-valued functionals
W[A] of the connection to describe the quantum states of gravity. The connection acts
by multiplication, while the canonical Poisson commutation relations tell us,
that the momentum becomes a functional derivative:

h o - h o

Hia(p)_)T(STa(p)’ Hia(p)_>T5Ta(p)' (2.304)

Let us now turn our attention to the constraints . Physical states are those
complex valued functionals of the connection that are annihilated by the quantised
constraints. Knowing that both the vector constraint and the Gaufs law generate the
kinematical symmetries of the theory, they have an unambiguous quantisation. In fact,
the quantised Gaufs law becomes the infinitesimal generator of the gauge symmetries
while the vector constraint generates diffeomorphisms lifted upstairs into the
underlying SL(2,C) principal bundle. For the Hamiltonian constraint the situation is
far more complicated. We have to actually quantise the constraint and find the kernel
of the operator. Choosing a rather naive ordering, we are led to the particularly simple
proposal:

~ L 2 ﬁ ilm 0 0 .a 2A€123 B g
H[N] -—MP/ZN(5+16 ﬂabc(;Alb(;AmC(Bl + 3 B+i5Aia>+

. 5 & /- 2N 02 5
b €M e (B,-“— p_P )) (2.305)

t 53 AL, 0A™, 3 B_ioAi,

where B;* denotes the magnetic field, implicitly defined in (2.298]). Notice that the
ordering is rather bad. The momentum does not commute with the magnetic field.
Hence we arrive at an operator that is not even formally self-adjoint, i.e. there is no
way to expect that H[N] = H[N]'.

There is, of course, a purpose for secretly choosing such a particularly bad ordering.
Looking back at the Chern—Simons functional, and equation , we see, that only

for this ordering, the Kodama state

3 B+i 3 B—i
2% B []_2/\@7

Q[A] = exp ( + Y[A]) ce{zeCllz]=1}  (2.306)

solves the quantised Hamiltonian constraint, i.e. H[N]Q = 0. Notice also, that the
value of Q[A] is always confined to the unite circle, i.e. Q[A] € S;. Let us also
emphasise that this state, i.e. the Kodama state generalised to arbitrary values of the
Barbero-Immirzi parameter, has originally been studied by Randono et al. in [86-88|.

Both diffeomorphisms and small gauge transformation cannot change the value of
the Kodama state, with (2.121]) we find e.g. that W[A] = W[pexpa)A]. This means that
the Kodama state not only solves the Hamiltonian constraint (in a particularly bad
ordering), but that it also lies in the kernel of both the Gauf and the vector constraint,
and thus solves all first-class constraints of the theory .
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2 Hamiltonian general relativity

The Chern—Simons functional transforms (2.302)) inhomogeneously under large gauge
transformations, and for generic values of A so does the Kodama state:

72 i
Q[AY] = Q[A] exp ( - f&%ﬁg n(g) — cc,> -
in2

If we wish to interpret the Kodama state as a genuine “wave function” it should better be
single-valued, which is possible only if the product AS¢% of the elementary parameters
is restricted to discrete values, in other words:

1271

A= 202
BeEn’

neZ-{0}, (2.308)

implying that
Q[A] = exp (8%(5 FY]A] - cc.) (2.309)

is single-valued. Notice the natural appearance of the minimal length scale (¢Lqc)? =
66123 of loop quantum gravity in the formula for the cosmological constant (2.308|).
Inserting the present value of the cosmological constant we get a relation between the
level n in the exponent and the Barbero-Immizi parameter:

AAG 3 1

5 "2~ 3-107122, (2.310)

Several arguments suggest 8 to be of order one, which means that the level n must be
incredibly large, and the Kodama state Q2[A] would be a rapidly oscillating phase on
the affine space of SL(2,C) connections.

The Kodama state is a formal solution of the Hamiltonian constraint, and also solves
both the Gaufs law and the vector constraint. Does this mean it is a viable candidate
for the vacuum state of gravity? Probably not, and the reasons are as follows.

No rigorous Hilbert-space First of all we do not have a Hilbert space. Introducing mo-
mentum operators and declaring the connection should act by multipli-
cation, i.e. (AL W)[A] = A%, ¥[A] does not suffice to arrive at a sensible quantum
theory. We also need an inner product between quantum states W[A] and W'[A].
Otherwise we could never speak about probabilities and transition amplitudes,
which is what quantum theory is actually all about.

Naive ordering Next, the ordering that we have chosen in the definition of the Hamil-
tonian constraint is rather bad. Even without ever specifying the Hilbert space,
we have to expect the operator H [N] as defined by is not self-adjoint,
because the momentum does not commute with the field-strength.

Missing second-class constraints The strongest argument why we should discard the
Kodama state as a viable candidate for the vacuum of the theory has to do with
the second-class constraints. In fact, the Kodama state solves none of them,
neither (2.97) nor (2.152). This can be seen most easily for the condition on the
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momentum variable, i.e. the linear simplicity constraint (2.97)). In the continuum
we can impose this condition strongly, its quantisation becomes:

i 0 . i 6 )
B+idAl, B —idAi,/)"
Looking back at the definition of the su(2) Ashtekar—Barbero connection (2.108)),

and employing the chain rule, we can see any state that is only a functional of
the Ashtekar—Barbero connection solves this constraint:

G0 = —E%( (2.311a)

U[A] = O[T +iK] = p[AP)] = y[ 4 K] & C;%0 = 0. (2.312)

The Kodama state depends however on all components of the s[(2,C) connec-
tion, and does therefore not solve the reality condition on the momentum
variable. For the torsionless condition we can employ a similar argument, and
conclude that the Kodama state does not solve any of the second-class constraints

(2.152) and (2.97).

Just one state Even if we would allow ourselves to ignore all of these problems, we
would have still found just one single solution, and it is far from obvious how we
should ever extract any reasonable physics from one state only.

Nevertheless, there is a positive argument in favour of the Kodama state. The Kodama
state is nothing but a solution to the classical constraint:

203 B
3h B+i
Once again B;® is the magnetic field of the Ashtekar connection, while II;%
is its momentum conjugate. If the linear simplicity constraint holds true this
condition becomes 3B;* + AE;* = 0. If the connection is torsionless, this condition
implies that we are working with a maximally symmetric spacetime. In other words,
if we are interested to recover the de Sitter solution in quantum gravity it is equation

(2.313)) that we should look at. What is now also important to know, is that B weakly
commutes with all first-class constraints:

{B* HIN} gy =0, {B" Hy N} |,y =0, {B:* Gj[M]} 5, =0. (2314)

B = B + I, = 0. (2.313)

What does these equations mean for the quantum theory? If a set of operators weakly
commute among another, this means, that we can, in principle, diagonalise them si-
multaneously. It thus makes sense to search for those states that solve, at least locally,
equation in the quantum theory.

We can use this observation to give a proposal for how to account for a cosmological
constant in spinfoam gravity. To sketch the general idea, let me give a snapshot of the
mathematical structure of the theory.

Loop quantum gravity has a well defined Hilbert space Hiqa, quantum states ¢ €
‘Hiqa are spin network functions, that are square integrable functions on § U2)V,
N < oo. Transition amplitudes are built from the Feynman amplitudes of the individual
scattering processes. The amplitude for any such elementary scattering formally reads:

Zp) = D[A] (Y)[A]. (2.315)

AsrL(2,0)
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2 Hamiltonian general relativity

The integral is over the affine space of SL(2,C) connections, D[A] is an SL(2,C)
invariant integration measure, and the Dupuis—Livine map Y [106,132-135| sends any
SU (2) spin network function, into an SL(2, C) spin network function, that we can view
as a functional of the SL(2,C) spacetime connection A. The uniform integration over
all connections imposes that the geometry be locally flat. This is where the fundamental
loop assumption has actually entered.

We can formally write the amplitude of an elementary interaction vertex as

Z[y) = (YToly), (2.316)

where the empty state (0| is the vacuum of the theory [49]. We could now replace this
“bra” by the Kodama state, and would thus arrive at an amplitude of the following
form:

ZA[Y] = DIAJQLA](Y¥)[A]. (2.317)

Asr2,c)
If (2.316]) describes the elementary Feynman amplitudes for locally flat geometries, then
(2.317)) implies the geometry locally looks like de Sitter space. In analogy with (2.316)

and (2.309)) we can say:
Zal] = (YTQlp). (2.318)

In this understanding, the Kodama state does not represent a physical state of the the-
ory, but determines the vertex amplitude of each individual scattering process. The pro-
posed amplitude coincides with the Chern—Simons expectation value [136] of SL(2,C)
holonomies in some unitary representations of the Lorentz group. For compact gauge
groups this functional has been well explored (e.g. [137-139]), much less is known for
the non-compact case. The conjecture is [91-95|, that the spinfoam model [126}/127]
gets deformed, with SL(2,C) turning into a quantum group [130] SL,(2,C).
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The discretised theory

Loop quantum gravity [5,/18-20,40%/140] comes in two versions. The historically first
of which provides a canonical quantisation of general relativity, and seeks to solve the
Wheeler-DeWitt equation [18/19,(141]. The second, we call it spinfoam gravity [20,142],
proposes a covariant path integral. Both approaches share [143,|144] their kinematical
structure—the Hilbert space with observables representing, area, angles, volume and
parallel transport [3856,/57]. Unfortunately, we know very little about how far this
relation extends beyond kinematics, eventually revealing a solid framework also for the
dynamics of the theory [145,(146]. Indications supporting this idea have only come from
the symmetry reduced framework of loop quantum cosmology [147-149|.

The problem of how the canonical theory and spinfoam gravity can fit together is not
only of mathematical significance. First of all, it is a consistency check for the theory.
If loop gravity were a fully developed theory, it should come in different formulations,
providing specific advantages and simplifications, although being mutually equivalent.
On top of that, a framework large enough to contain both Lagrangian and Hamiltonian
dynamics should allow us to answer some of the most pressing questions in the field:
What is the classical theory underlying loop gravity, and does it reproduce general
relativity? Does loop gravity contain torsion, and are there any secondary constraints
missing? Is there a local notion of energy, and what can we use it for?

This chapter achieves such a unifying classical framework in the simplified setting of a
fixed discretisation. In the first four sections, we will, in fact, develop a Hamiltonian for-
mulation of spinfoam gravity, adapted to a simplicial decomposition of spacetime. This
discretisation consists of triangles, tetrahedra and four-simplices glued together. Calcu-
lations will heavily use the twistorial framework of loop quantum gravity, recently de-
veloped by Dupuis, Freidel, Livine, Speziale, Tambornino and myself [150-155|. These
spinorial variables do not change the physical content of loop gravity, but offer a new
perspective on how to look at the covariant aspects of the theory.

In the first four sections we will introduce spinors for loop gravity (section ,
perform the constraint analysis (section and study the geometrical interpretation
of the equations of motion (sections and . Working with complex variables
we have to deal with reality conditions, which guarantee that the metric is real. The
Hamiltonian time evolution must preserve these constraint equations, a condition that
may need additional secondary constraints to be fulfilled. We will, however, not find any
secondary constraints, but only get restrictions on the Lagrange multipliers. This comes
as a surprise. For, as we know from the last chapter, the torsionless condition (2.12))
turns into a secondary constraint needed to preserve the reality conditions.
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3 The discretised theory

The first four sections give the main result of the chapter, yet there are some more
topics beside. Section deals with torsion, stresses its significance for the Minkowski
theorem |156] in Minkowski space, and defines the torsionless connection for twisted
geometries [157] (twisted geometries are relevant for loop gravity, they generalise Regge
geometries |64] to allow further discontinuities in the metric tensor). Another topic
concerns the relation to the canonical theory. In this thesis we are mostly using self-
dual variables, while canonical loop gravity favours SU(2) Ashtekar—Barbero variables.
Section gives the relation between the two. There are also two more supplements,
one dealing with the general properties of the SL(2,C) parallel transport, the other
speaking about the geometry of a four-simplex bounded by five spacelike tetrahedra.

This chapter consists almost entirely of the classical aspects of my recent publication
[158], but I have also added what I found relevant from [159] and [151].

3.1 SELF-DUAL TWO-FORMS, SPINORS AND REALITY CONDITIONS
FOR LOOP GRAVITY

This section develops the tools necessary for the rest of the chapter. It is based upon the
publications [99}/151,/152,/158,|160]. Section reviews complex Ashtekar variables
and their corresponding holonomy-flux algebra, section develops the twistorial
parametrisation of the phase space of holonomy-flux variables, while section gives
the reality conditions.

3.1.1 Complex Ashtekar variables

The spinfoam approach seeks to define transition amplitudes for loop quantum gravity.
It starts from the following topological action:

ihf+1i
G B Jm

which is the “BF-action” [21] expressed in self-dual variables. Here E = 87hG/c3
is the Planck area, 5 is the Barbero-Immirzi parameter, F' = dA + 35 [A A] denotes
the curvature of the self-dual connection, ¥4 5 is an s[(2, C) valued two form, and the
antisymmetric e-tensorﬂ moves the spinor indices A, B,C,--- € {0,1}. These indices
transform under the fundamental (3, 0) representation of SL(2,C). We use “cc.” to
denote the complex conjugate of everything preceding (including the prefactor i(8 +
i)...), and so the (0, 2) representation also appears. Indices transforming under this
complex conjugate representation carry an overbar (a macron), we write A, B , C,....
Working with a closed manifold, we do not have to worry about boundary terms that
are otherwise needed [112}/115,/161].

This action shares the symplectic structure of general relativity, but the dynamics
is trivial. Indeed, performing a 3+1 split M = R x § 5 (¢,p), we find the symplectic
structure of complex Ashtekar variables:

S[%, A] = Sap A FAB(A) + ce., (3.1)

{I;%(p ), A%y (q )} _(53(5,)5 (p,q) = {IL,%(p), A7(q) }, (3.2)

The e-tensor lowers indices as v4 = vPepga € (C2*, while its inverse raises them by vd = eABvB c

C?; the inverse is implicitly defined by putting eace®C = e ® = 65.
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3.1 Self-dual two-forms, spinors and reality conditions for loop gravity

here indices 4, j, k running from 1 to 3 refer to the standard basi in sl(2,C), 6 is
the Dirac-delta density on the spatial hypersurface S; = {t} x S, and a,b,c,... are
abstract indices on the spatial slice. The Ashtekar connection A%, = I'?, +iK?, is the
pullback of the self-dual connection onto the spatial hypersurfaces; in general relativity
its real and imaginary parts (I" and K respectively) correspond to the intrinsic su(2)
connection and the extrinsic curvature of the spatial hypersurface. The momentum
conjugate is linearly related to X, we have:

_hB+iL, hpB+i
223 71 2 4B

Hia = ﬁabczibc; (33)

~abc

where n®¢ is the Levi-Civita density on the spatial hypersurfacem.

The continuum Poisson brackets behave too singularly to perform a background-
independent quantisation. Therefore, we introduce a reduced phase space of smeared
variables. We can define the smeared variables most elegantly when we consider a
cellular decomposition of the ¢ = const. hypersurface. In this thesis, we restrict to tri-
angulations, and thus divide the spatial manifold into tetrahedra glued among bounding
faces. Generalisations to arbitrary cellular decompositions exist and have been studied
elsewhere, e.g. in [42].

Within the spatial manifold, the faces, the oriented triangles 71, 7o,..., 7, are the
duals of oriented links 71,72, ...7vr. To smear the connection, we take a link and study
the SL(2,C) parallel transport between adjacent tetrahedra. We are thus led to the
holonomy:

W] = Pexp( - / A) € SL(2,C). (3.4)

The momentum variable II defines a two-form; parallel transported into the frame of
a tetrahedron, we can naturally smear it over an adjacent triangle 7 obtaining the
gravitational flux:

I p[r] = [r] = / (Rs(p—n00) T D(®) (B o)) VB € 51(2,C),  (3.5)
PET

where h5;, (o) is an SL(2,C) holonomy connecting p € 7 with the source point (0).
The underlying path §(p — ~(0)) consist of two parts, the first of which lies inside 7
and goes from p € 7 towards the intersection point 7N+, whereas the second part goes
from the intersection point along v towards the source 7(0).

The continuum Poisson brackets induce commutation relations among holonomies
and fluxes; variables belonging to different triangles commute, while for a single link
we get the commutation relations of T*SL(2,C):

{Hi,Hj} = —Eijkﬂk, {Hz, h} = —hTZ', {hAB, ]’LCD} = 0. (36)

There are also the Poisson brackets of the anti-self-dual variables, which are nothing
but the complex conjugate of the former variables. Moreover, just as in (3.2]), the two

*Given any ¢ € sl(2,C) we write ¢ = ¢'7;, where o; = 2ir; are the Pauli matrices.
**Notice a subtlety in our notation: If EAB = ElabTABi is geometric, hence comes from a tetrad we
would find a relative minus sign between the definitions of ¥;* and E;* through: ¥,;* = %ﬁ“”czibc =

%ﬁab%mznembe"c = —F,;%, in accordance with 1)
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3 The discretised theory

sectors of opposite chirality commute. Since 7 carries an orientation let us also mention
the quantities:

hlr 1 = h[T]_l, 7] := H[T_l] = —h[T}H[T]h[T]_l. (3.7)

Before we go on let us make one more observation. The definition of the flux (3.5
depends on the underlying family of paths d(p — 7(0)) chosen. It is therefore quite
remarkable [42] that this dependence drops out of the Poisson algebra , and leads
us to the phase space T*SL(2,C).

3.1.2 Spinors for loop gravity

The phase space of loop gravity on a graph, T *SL(Q,(C)L , allows for a description in
terms of spinors. This framework will become important for the rest of this thesis; it
is useful for us since it embeds the non-linear phase space T *SL(Q,(C)L into a vector
space with canonical Darboux coordinates.

The flux defines an sl(2, C) element, which is traceless, and we can thus always find a
pair of diagonalising spinors (the proof can be found in [29|, which together with [152],
can serve as the main reference of this section):

1 1
r]ap = ToW(ATB) = —*(wAWB + wBWA)- (3.8)

4
With the flux evaluated in the frame of the source v(0), also 7 and w belong to the
initial point. If we parallel transport them to the target point we get another pair of
spinors:
4 = hr]4pw?, W = n[r)ApnP. (3.9)

These secondary spinors diagonalise the flux in the frame of the final point:

Maglr~'] = Uaplr] = %W(AWB)‘ (3.10)
Since the spinors 7 and w often come as a pair, it is useful to introduce the twistor:
Z = (7z,w) = (C)*®C*=:T. (3.11)
If 7 and w are linearly independent, that is if
Taw? #0, (3.12)

they form a basis in C2. We can safely agree on this constraint because it holds
true unless the triangle represents a null surface, and we are working with spatial
hypersurfaces anyhow. In this case, equation (3.9)) gives the holonomy in a certain
basis, which uniquely fixes this SL(2,C) element. We can now reverse the construction,
start with a pair (Z,Z) of twistors and attach them to the source and target point
respectively. Inverting equations and we then recover both holonomy and
flux in terms of spinors. The holonomy explicitly reads

A _ A
h[T]AB = w, with: 7w := 7rAwA. (3.13)

NN
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3.1 Self-dual two-forms, spinors and reality conditions for loop gravity

For the holonomy to have unit determinant it must preserve e 4. Within our spinorial
framework this immediately turns into the area-matching constraint

ClZ, 7] = maw? — maw = 0. (3.14)

The space of spinors on a link can be equipped with a locally SL(2,C) invariant sym-
plectic structure. We set

{WA,WB} =B = —{EA,CEB}, (3.15a)

{’ﬁ'A,CDB} = EAB - _{EAW:‘ZB}a (315b)

and can prove |152] that on the constraint hypersurface C' = 0, these Poisson brackets
induce the commutation relations of 7*SL(2,C) for the flux (3.8) and the holonomy
(3.13). The parametrisations and are not unique. There are in fact two
symmetries; one of which is discrete, the other is continuous. The discrete symmetry
simultaneously exchanges m with w, and 7 with w, while the Hamiltonian vector field
of C generates the conformal symmetry

(w, mw, ) = (2w, 27 'm 2w, 27 '), 2 € C— {0}, (3.16)

leaving both (3.13) and (3.8 invariant. We perform the symplectic quotient with
respect to these symmetries and eventually get T*SL(2,C) removed from all its null
configurations (IT, h) € T*SL(2,C) : TT4pTT4E = 0. The proof is again in [152].

3.1.3 Reality conditions

The action defines a topological theory. We recover general relativity in terms
of first-order variables only if we impose constraints on Y45. We want Xap to be
geometrical, that is to represent an infinitesimal area element. In the continuum theory
this means ¥ 4p should be the self-dual part of the Plebanski two-form X,z = 1o A 73
(where n® is the tetrad and a = 0, ..., 3 are internal Minkowski indices).

The Hamiltonian flow preserves these simplicity constraints [126,|127,(162}/163| only
if the spacetime connection is torsionless (which can be shown in many ways, as in
section or in references [99,(1004/160]). In the Hamiltonian framework, equations of
motion either are constraints (possibly both on Lagrangian multipliers and the phase
space variables) or evolution equations. Conversely, the torsionless condition of the
spacetime connection splits into three distinct parts (see equation , but also
references |160}164]). Using time gauge (thus aligning the internal normal to the
hypersurface normal, that is setting e® = Ndt), we found in that the Lagrange
multiplielﬂ A = Jm(A%(9;)) is determined by the lapse (V) and the shift (N%) to have
the value A’ = N*K'%,+¢"9,N. The second part of the torsionless condition represents
an evolution equation for the spatial triad, whereas the last and most important part
gives a second-class constraint among the phase space variables. This is equation
that states:

Al + cc. = 2T, (e), (3.17)

where T'(e) is the spatial Levi-Civita connection functionally depending on the triad.

“In the following lines 9; denotes the time-flow vector field.
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3 The discretised theory

In the discrete theory the situation is different. We do not have a continuous tetrad,
and we cannot define the continuous simplicity constraints ¥,3 — 1o A ng = 0 directly.
Instead we have smeared variables on a triangulation of a t = const. spatial hyper-
surface. However, the physical meaning of the simplicity constraints is clear, they
guarantee that the two-form X3 is geometric, hence defines a plane in internal space.
For our smeared variables we can demand something similar: 3,4[7], that is the two-
form ¥,g smeared over the triangle 7 in the frame of the tetrahedron at v(0), should
define a spatial plane in internal Minkowski space. This is true if there is a time-like
vector n® such that:

Zaﬁ[T]nB = —ZAB[T]EAB’I%BB —cc. = 0. (3.18)

These are the linear simplicity constraints [126], which are reality conditions on the
momentum variables (see equations and reference [160]). Geometrically,
the vector n® represents the normal to the tetrahedron the triangle 7 is seen from.
This normal should thus be the same for all four triangles meeting at a tetrahedron.
A detailed discussion of the geometric origin of the simplicity constraints can be found
in the appendix of reference [126].

In terms of spinors, equation turns into two independent constraints [160].
One is real, the other is complex, and there are thus three real constraints to solve:

i
B+i
Fplw, 7] = nMma05 = 0. (3.19b)

Dijw, ] =

maw? +cc. =0, (3.19a)

The constraint D = 0, is locally Lorentz invariant and guarantees the area of 7 is real;
F,, = 0, on the other hand, is preserved only under spatial rotations, and tells us the
null-vector m® = w474 in complexified Minkowski space lies orthogonal to n®. If we
were to work in the time gauge, we would align the normal n® with n = ¢ and the

T

matrix n44 would turn into
AA _ 1 cAd _ A4
n"t = —§"" =nl", 3.20
NG . (3.20)
where 644 is the identity matrix. In this gauge the real and imaginary parts of the
momentum 1
I, = i(Li +iK;) (3.21)

generate rotations and boosts relative to n®, and the reality conditions (3.19) turn into:
———(Ki+ BL;) = 0. (3.22)

Whether or not spinfoam gravity misses the secondary constraints, and forgets about
equation , raises some of the most pressing and strongly debated [103}/105,|165-
167| questions in our field. This debate concerns two separate issues: (i) do we correctly
impose the linear simplicity constraints, i.e. equation , and (ii) are there any
further constraints missing? The spinorial framework of loop quantum gravity will
allow us to study the first part of this question. In the next section we are going to prove
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that spinfoam gravity correctly solves equation without missing any secondary
constraints. This sounds promising for the model [126}/127], yet it does certainly not
prove it right. We may still miss additional conditions on top of the linear constraints
(3.22)). This is, in fact, the second question to be asked. Although we cannot give a
conclusive answer, we still learn something important about the nature of the problem:
If there were additional constraints missing, they cannot arise from the stability of the
simplicity constraints under the time evolution.

3.2 HAMILTONIAN DYNAMICS FOR SPINFOAM GRAVITY

This section introduces a continuous formulation of the dynamics on a fixed two-
complex. We will check if the equations of motion preserve the reality conditions
(in whatever form, i.e. or , preferred), and study the equations of motion.
They will, in fact, immediately prove the curvature smeared over a spinfoam face does
not vanish, hence the model carries curvature. To achieve these claims, and properly
answer the issue of the secondary constraints we need an action, or even better to find
a suitable Hamiltonian framework. And this is what we are going to do first.

3.2.1 The discrete action on a spinfoam wedge

We start with the topological action discretised over a simplicial decomposition
of the four-dimensional spacetime manifold M, and use our spinors to parametrise
the action. First steps towards this task have already been reported in [151|. The
elementary building blocks are four-simplices glued among the bounding tetrahedra. All
tetrahedra consist of four triangles, each of which is dual to a spinfoam face. The part
of a spinfoam face belonging to a four-simplex we call a wedge w, for the corresponding
dual triangle (in the frame of a tetrahedron) we write 7,,. Figure should further
clarify the geometry. Here we are committing ourselves to simplicial discretisations,
which we do for technical convenience; generalisation to cellular decompositions should
be found along the lines of [168§].

Let FAB[w] be the curvature tensor integrated over the wedge, and ¥ 45[7,] be the
two-form ¥ 4 g smeared over the dual triangle (in the frame of a tetrahedron), while w ™!
and 77! denote the oppositely oriented surfaces. The remaining ambiguity concerns
the relative orientation €(7y,,w) between the two surfaces, which we take to be on

We discretise the topological action over each four-simplex and find a sum over
wedges:

Stops, A] = MO [ g A FAB(A) 1.
&G B Ju
1h —|—1 _
~ DO ST (Sanlrl AP ] + Saslry 1FAP ) + ce.
w:wedges
= Z Stop, (3.23)
w:wedges

“If the tangent vectors (z,y) are positively oriented in 7, and the pair (¢, z) is positively oriented
in w, the relative orientation €(7.,w) is the orientation of the quadruple (x,y,t, 2).
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Figure 3.1: A four-simplex consists of five tetrahedra glued among their triangles. Its
dual we call a verter. Each triangle belongs to many four-simplices (ver-
tices), but a tetrahedron can only be in two of them. The surface dual to a
triangle is a spinfoam face, it touches all adjacent four-simplices. An edge,
a tetrahedron’s dual, connects two vertices. The part of a spinfoam face
lying inside a given four-simplex, we call a spinfoam wedge, the boundary
of which has two parts. The first one consists of edges, enters the bulk, and
passes through the vertex. The second part belongs to the boundary of the
four-simplex, we call it a link.

For small curvature we can replace F4B[w] by the holonomy around the loop Qw
bounding the wedge:

hAB[ow) = Pexp( — /

AP~ —AB +/ FAB —. _AB L pAB[y. (3.24)
ow w

Within this approximation we will now rewrite everything in terms of our spinorial
variables. For the flux the situation is simple. The triangle belongs to a tetrahedron
in the boundary of the four-simplex. Boundary variables are part of the original phase
space T*SL(2,C) of complex Ashtekar variables, and we can thus use our spinorial
parametrisation (3.8) to write:

i
Yaplrw] = EPB f_ WA B): (3.25)

For the holonomy around the wedge we have to be more careful. The boundary of the
wedge consists of two parts, one of which enters the bulk. The first part, connecting
the two adjacent tetrahedra 7 and 7, lies in the boundary of the four-simplex. The
corresponding holonomy h[7,] is again contained in the phase space of T*SL(2,C),
and we can thus take the spinorial parametrisation to write the group element.
The second part enters the bulk, and we need additional SL(2,C) elements g and g
that give the parallel transport from the center of the four-simplex towards 7 and ’f
respectively. These additional holonomies are not part of our phase space of complex
Ashtekar variables, instead they are Lagrange multipliers, which should become clear
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3.2 Hamiltonian dynamics for spinfoam gravity

once we discuss the Gauft law. Gluing the two holonomies together we find the parallel
transport around the boundary of the wedge starting at the tetrahedron 7
WCOnB — 7CuB

hABow] = (gg_l)AchCB[Tw] = (QQ_I)AC~ NN (3.26)

We thus find the contribution to the discretised action from a single wedge to be:
1
Stop — —§Mw (gg—l)AB (wamp + TAwWR) + cc., (3.27)

where we have introduced the quantity:

This normalisation equates to one once we go to the solution space of the area-matching
constraint , where the action turns into a simple bilinear of the spinors.
The reality conditions also decompose into bilinears of the spinors, and this is
the reason why the spinorial parametrisation of loop quantum gravity will be so useful.

(3.28)

3.2.2 The continuum action on a wedge

The action just introduced admits a straightforward continuum limit. To show
this, we split the wedge w into smaller wedges w1, ...,wy, introduce N — 1 addi-
tional spinorial variables (w(i),w(i)) together with group elements ¢(*) € SL(2,C) that
represent the parallel transport from the vertex to the i-th discretisation step at the
boundary of the spinfoam face. For the i-th wedge the action becomes:

1 N
Sup = =5 Mu, (99 () ) P (WP mET 4w ™) + e, (3.29)
and we also have the boundary conditions (w®, 71 ¢y = (w, 7, g); (WD, 7N+,
gDy = (w, 7, g). We now take the continuum limit N — co. Put e = N~', set for
all variables f(e(i — 1)) := f®, and choose the quantity t = £(i — 1) as our natural
continuous time variable. To obtain the continuum limit we perform an expansion in
¢ implicitly assuming all quantities (7 (t),w(t), g(t)) are differentiable in the parameter

time ¢.
Let us first look at the normalisation M,,. Putting E(t) = E®) = 4 w(l)wg) we

have

1 VE(t) \/ (t+e) 9

My, = - =14+ 0(e%). (3.30)
VE({t+e) VE

We see the first non-vanishing order is quadratic. For the holonomies, on the other

hand, the expansion contains a linear term:

) ) et
gD ()1 = Pexp( _ /(. ) a Ae(t)(at)) — 1 — el (1) + O(E2).  (3.31)
e(t—
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3 The discretised theory

Here e is the path (the “edge”) bounding the spinfoam face, and ¢ is the associated
coordinate. Next, we need to study the product of the spinors. We find

wg)ﬂgﬂ) = wy4 (s(i _ 1))7TB(51') =wp(t)rp(t+e) =

= wA(t)mp(t) 4+ cwa(t)7p(t) + O(?). (3.32)

Combining (3.32) and (3.31)) we get the expansion of the bilinear appearing in the

action:

— (g (g(i+1))—1)ABwX)7rg“) = Byt mp(t) + cetBuwa(t)7p(t)+
— AN (wp(t)ma(t) + O(2) =
= wa(t)m(t) + ewa(t) Do, m(t) + O(e?).  (3.33)

The same is true for the second part of (3.29) with w and m exchanged. Moreover,
Dy,nB = 7B 4+ AB(9,)7¢ denotes the covariant derivative, being the infinitesimal

version of the bulk holonomies g € SL(2,C). Putting all the pieces together, the
zeroth order cancels and we find that the Lagrangian starts at linear order in epsilon:

Stop — g<wA(t)D3t7rA(t) n WA(t)DatwA(t)> +O(2) + cc. (3.34)
Summing the contributions from all infinitesimal wedges wy, ws, . .., wy and taking the

limit N — oo we are left with a line integral:

1
CH /0 at (w(1)Do, (1) + ma (1) Do (1)) + cc. (3.35)

This action, being nothing but a covariant symplectic potential, generates trivial equa-
tions of motion, which just tell us w and 7 are parallel along the edge e C Jw:

Dy,w? = 0 =Dy, 7. (3.36)

What is more important, concerns the area-matching condition. On each infinitesimal
wedge w; equation ([3.14]) becomes:

C= eABWI(ZH)ng) - eABﬂX)wg) =E(t+¢e)— E(t). (3.37)

Therefore, when taking the continuum limit in the sense of this section, the area-
matching condition turns into the conservation law:

sy = Dy, (raw) £ 0. (3.38)

ped
de

We can now see the area-matching constraint is satisfied just because the equations of

motion (3.36) guarantee that £ = 0 holds for all times.
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3.2 Hamiltonian dynamics for spinfoam gravity

3.2.3 The constrained continuum action on an edge

In the following, we will rearrange the sum over wedges to find the contribution to
the total action from a single edge e. Each edge carries a unit timelike four-vector n®
representing the internal (future pointing) Minkowski normal of the tetrahedron dual
to the edge. We have started from a discrete model, where we know this normal only
somewhere in the middle of the edge (say at parameter time ¢ = t, = %) Employing
local Lorentz invariance we can always put that normal into the canonical gauge, i.e.:

_ i _ _
it =t,=1) = ﬁaf‘f“ =niA (3.39)
But now that we have a continuous action we need this normal all along the edge.
We achieve this by using one of the key assumptions of spinfoam gravity, that states
the geometry be locally flat. This implies the normal is covariantly constant along the
edge. To be more precise, if we take the edge to be parametrised by our coordinate
t € [0,1], we assume
Vit € (0,1) : Dyg,n® = 0. (3.40)
Notice the boundary values 0 and 1 are excluded here, reflecting the fact that
holds locally but cannot be achieved all around the spinfoam face. In fact a number of
edges, say eq, €3, ...en, bound a spinfoam face, along each of which we can introduce
a continuous time variable t; € (0,1], t2 € (1,2], ...ty € (N — 1, N) along the lines of
the last section. Wherever two edges meet, that is on a spinfoam vertex, a discontinuity
may arise, measured by the angle Z;:

ch(Z;) = — il\l% na(i —e)n®(i +¢). (3.41)

Let us now come back to the main issue of this section, the action for an edge. At
every edge four triangles 7; with I = 1,...4 meet, for each of which we introduce
spinorﬂ (wD, 7). The topological action on an edge becomes (after having shifted
the boundaries to 0 and 1 again):

4 1
1
SEOP — 3 Z/o dt(wg)Daﬂé) + WX)DathL})) -+ cc. (3-42)
I=1

Before we add the reality conditions to this action, let us first discuss the last
constraint missing, i.e. the Gaufs law. We find it from the variation of the edge action
with respect to the self-dual connection A4 contracted with the tangent vector
0¢ = € of the edge. The resulting sl(2, C)-valued Lagrange multiplier

45 (t) 1= ALE (0r) (3.43)
appears linearly in the covariant derivative DatwA = 7%+ ®A B, The variation of the
action with respect to this Lagrange multiplier leads us to the Gaufs constraint

L~ (0 (0 _N~) _ SopgD-
GAB:*iZW(AwB):ZHAB:ZHi Tap = 0. (3.44)
I=1 I=1 I=1

“In the following we will keep the index (I) only when it is strictly necessary, to further simplify

our notation we will also put this index wherever there is “enough” space, e.g. Wé) = eABﬂ'g).
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3 The discretised theory

When introducing real and imaginary parts of 2II; = L; 4+ 1K; corresponding to boosts
and rotations with respect to the standard normal ({3.40)) the Gauf law turns into:

4 4
S =0= k" (3.45)

If we now remember the reality conditions imply the combination K;+ BL;
vanishes on all triangles, we can see that not all the constraints are independent. If
we impose the reality conditions for the three triangles I = 1,2,3, the Gauf law
immediately implies them for the fourth.

We impose the reality conditions on the triangles through additional Lagrange mul-
tipliers z(y) : [0,1] — C and A(;) : [0,1] — R in the action, and thus get for the action
on an edge:

4 1
1 I I
Se = 3 Ig_l/o dt (wg)'Datﬂ'é) + w;)Datwé)—l—
— 2z(I)Fn[7r(1),w(1)] — )\([)D[TF(I),W([)D + cc. (3.46)

Once we have an action, we should discuss the equations of motion. This involves
two steps. To begin with, in section we are going to study the constraints and
perform the Dirac algorithm [60]. Then we also have to study the evolution equations,
and ask for their geometric interpretation, which we are going to do in sections

B3l and 3.4l

3.2.4 Dirac analysis of all constraints

Let us turn to whether the equations of motion preserve the constraints. We do this
in the Hamiltonian picture. With the Lagrangian , linear in the time derivatives,
we can immediately find the Hamiltonian, which is itself constrained to vanish. If we
introduce the primary Hamiltonian

H'[m,w](t) = 2(t) Fypylm, w] + )\(;)D[W,w] + cc., (3.47)

we can write the evolution equations in the most covariant way possible:

Dy,w? = {H',w?}, Dyt ={H 74} (3.48)

The canonical commutation relations are {74, w?} = €48, and Dy, is again the covari-
ant sl(2, C) derivative Datﬂ'A = o404 g8 with &4 5 being the self-dual connection

contracted with the tangent vector of the edge—just as defined in ([3.43]).

To prove that the Hamiltonian vector field preserves the constraints we discuss each of
them separately.
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3.2 Hamiltonian dynamics for spinfoam gravity

(i) stability of the area-matching constraint E = 0, and of D = 0 The area-matching
constraint £ = 0 guarantees the area of a triangle is the same seen from all tetrahedra
it belongs to. The Hamiltonian vector field of E = m4w? acts as follows:

(B,7%) = -1, {B,w'}=w?, {E,7}=0={F o". (3.49)
We thus easily get
E=DyFE={H E}=zt)F - 2(t)F x 0, (3.50)

where o means equality up to constraints. Since D =iFE /(8 4 i) + cc., hence linear in
E, equation ([3.50)) also implies that the reality condition D = 0 holds for all times:

D ={H',D} x 0. (3.51)

Therefore, the Hamiltonian time evolution along a spinfoam edge preserves both the
area-matching constraint (3.14} [3.38) and the Lorentz invariant part D = 0 of the
simplicity constraints K; + SL; = 0.

(ii) stability of F,, = 0 Before we explore under which conditions our primary Hamil-
tonian is compatible with the constraint F;, = 0, let us first recallﬂ all solutions
of the reality conditions F;,, = 0 = D. They are parametrised by a real number J # 0,
and tell us the momentum = is proportional to w. We find, in fact,

. oy )
ma = —iV2(B +1)J 4, (3.52)
lwliz
with the SU(2) norm ||wl||2 = —iﬁnAAwAGJA. Notice that we can always assume

J > 0. We have mentioned, in the lines shortly above equation (3.16)), that there is a
discrete symmetry simultaneously exchanging all 7 and w spinors. Since

A
TAW
J —

=5

a transformation exchanging m and w, maps J into —J, hence J > 0 without loss of
generality.

The quantity J parametrising the solutions of the reality conditions also has a clean
geometrical interpretation. It measures the area A[7] of the triangle 7 under consider-
ation. A short calculation gives the precise relation:

(3.53)

B%J)Q.

We are now ready to come back to our original problem, and show how the Hamilto-
nian can preserve the reality conditions. Since the normal is covariantly constant, we
get for the time evolution of F,, = 0 the equation:

_4d
Cdt

“We will derive these solutions explicitly in chapter 3.5} further details can be found in references
|152] and [151].

Afr] = 2rISifr] = —254P 55 = ( (3.54)

Fn (nAATrA(DA) = D, (nAATrA(I)A) = {H,, Fn} X E(t){Fn, Fn} (3.55)
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3 The discretised theory

We calculate the missing Poisson bracket in the gauge where n® = n$ and find:

- 1 i 5 1 1B 1-5
{Fry. Fr, } = §5AA(SBB{7—TAWA77TB@B} — §5AA5BB ¢ABALB | ABZALB| _

= —%(TFALUA — cc.) = —iJ. (3.56)

The result being manifestly SL(2,C) invariant we can conclude that
E, o< —iz(t)J. (3.57)

We have assumed the area of the triangle does not vanish, hence J # 0. This implies
the Hamiltonian flow preserves the constraint F;, = 0 only if we put the Lagrange
multiplier z(¢) to zero. Reinserting this restriction on the Lagrange multiplier into the
primary Hamiltonian we get the secondary Hamiltonian

H"” = \(t)D[r,w]. (3.58)

(iii) stability of the GauBB law The secondary Hamiltonian generates the edge-
evolution compatible with the simplicity constraints for one pair of spinors. There are,
however, four of these pairs per edge—one twistor Z = (7 A,wA) for each adjacent
triangle. The Gaufs lawlj is an example of an observable depending on all of them.
Its time evolution is governed by the physical Hamiltonian, which is the sum over the

secondary Hamiltonians (3.58)) of all four triangles:

4
HPMS =" X1y (£) Dlmry, win)). (3.59)
I=1

The Hamiltonian has this simple form, just because the action for an edge ([3.46|) splits
into a sum over adjacent triangles, without any “interaction-terms” appearing. Since
the Hamiltonian vector field of the constraint D = 0 acts as

%ol = (D} = e, Eplrl = (D) =t (360)

we immediately get for any choice of A\, that the Gauf constraint is covariantly pre-
served:

Dy, Gap = {H"™ ,Gap} = 0. (3.61)
The partial derivative, on the other hand, vanishes weakly:
4 a0 (3.62)
R (X . .
3 7AB

which follows from the commutation relations of the Lorentz algebra:

{Li,Lj} = —ej'L;, {Li,K;} = —€j' K1, {Ki, Kj} = +ei5' Ly (3.63)

“The Gauk law follows from the stationarity of the action under variations of ®4% .
Since the time normals depend on ®*? through (3.40), and linearly appear in the F,-term of the
action , this adds a term to the Gauft law (3.44) which is linear in the multipliers z(;y. We will
later prove that all z(;y must vanish, hence Gap = 0 as in 4

86



3.2 Hamiltonian dynamics for spinfoam gravity

First- and second-class constraints We got the constraint equations on an edge by
varying the Lagrange multipliers ® € sl(2,C), z(r) € C and A(;) € R in the action
. If we want to quantise the theory we have to compute the constraint algebra and
identify first-class and second-class constraints therein. The set of constraints consists
of both the rotational and boost part of the Gaufs law, together with the simplicity
constraints on the triangles. Only some of these constraints are independent: If we
impose the simplicity constraints K; + SL; = 0 on three triangles only, the Gaufs law
ST, KZ-(I) =7, Lz(-l) = 0 implies them on the fourth. These constraints can be
rearranged to treat all triangles equally. We can then impose just the rotational part of
the Gault law, and require the simplicity constraints on all four triangles. This
rearrangement leads us to the following system of constraints:

Gt = Z Lilr =0, (3.64a)
!

D([) [TF(I),(,L)(I)] = 0, VI = 1, ce ,4, (364b)

Fuy = Folny,wm) =0, VYI=1,...,4. (3.64¢)

Notice, that in a general gauge, where the time-normal does not assume the canonical
form n® = n{, we must boost the constraints into the direction of n®. We would then
work with the constraints

G;?TtL) 1= exp(Xgpoost') G5, and  Fy, = exp(Xgooostn’) (3.65)

instead. Here, X¢poost = {GPeost .} denotes the Hamiltonian vector field of the boost
part of the Gauf law and the generic normal n has been parametrised as:

(n,n') = (ch(|n). sh<|n|>|7;|), where: [n] = \/aimin. (3.66)

All of the constraints are preserved by the physical Hamiltonian generating the
time evolution along an edge, e.g. DatG]Z?‘(’fL) ={H phys,G’Z?‘(’:L)} o 0. To identify first-
and second-class constraints within this set, we have to study their mutual Poisson
brackets. We find:

{Grot Grot} — 6UlGron)’ {Grot } — 07 {Gmt F } =0 = {G£0t7F(I)}’ (3.67&)

5 2ip
Dy, Fin} = =g 100 Fay, Dy, Funt = EEn a0 E, (3.67b)
{ (I F(J)} = 1(5]JJm(7r1(41)wé—)) = iéqu( ([)) (3670)

The set of first-class constraints consists of the rotational component of the Gaufs
law, attached to each edge, together with the Lorentz invariant simplicity constraint
D = 0, attached to each triangle. The constraint F,, = 0 is second class and generates
an additional su(2) algebra. This becomes more explicit once we define the ladder
operators Ji together with the generator Js:

J_ =Jy —iJy = —V2F,,, Jy=J +iJ:=—V2F,,, J3:=Im(E), (3.68)

87



3 The discretised theory

with the Poisson bracket of the rotation group:
{Ji, Jk} = _eijkjk- (3.69)

In our case J_ and J; are constrained to vanish, while Js # 0, reflects the fact that
the constraints form a second-class system. A last comment on the time gauge :
if we want to relax this condition, little will happen, the constraints get boosted as in
7 but the structure constants appearing in the constraint algebra remain
the same.

3.2.5 Solving the equations of motion for the spinors

In this section we will solve the equations of motion for the spinors. For any triangle
adjacent to the edge it is the physical Hamiltonian (3.58) that generates the time
evolution of the corresponding spinors:

Dow? = {H" w}, Dyn? = {H" =1} (3.70)
We thus get the following equations of motion:

i
—A
B+i
At)mA(t),  (3.71b)

(Do,w™) (t) = 0 (t) + @' p(t)w”(t) = A){D,w"}, = + (Hw(t), (3.71a)

. i
(Do,n?)(t) = 7(t) + @4 p()7 P (t) = A){D, 7}, = ~53
with ®4 5 defined in (3.43). We introduce the parallel transport between time ¢ and
t' along the edge

tl

U(t,t") = Pexp( —/ ds®(s)) € SL(2,C), (3.72)

t
and use it to write down the general solution of the equations of motion. We get

t

wA(t) = exp [+ T /0 dsA(s)} U45(0,t)w?(0), (3.73a)
t

() = exp [— 3 1+i /0 dsA(s)} U4 p(0,t)74(0). (3.73b)

Closing the loop In we found the solution of the equations of motion for the
spinors on an edge. The spinors represent the flux through a triangle seen from the
frame of the tetrahedron dual to the edge. But the triangle belongs to many tetrahedra,
hence many edges. These edges, e1, es, ...en, bound the spinfoam face dual to the
triangle. Just as we have done above, we can introduce a continuum time variable
t1 € (0,1], t2 € (1,2], ...ty € (N —1,N) for each of these edges, and study the field
of spinors Z = (7 z,w?) : [0, N) > t — C?>* ® C? along the edge. This field describes
the triangle dual to the spinfoam face in the frame of the various edges. To guarantee
Z(t) describes, for all t € [0, N), the same triangle we need boundary conditions:

Vie{l,...,N—1}:

lim w (i+¢) lim w (i —e¢), lim (i+¢) lim (i—¢), (3.74a)
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3.8 Extrinsic curvature

and also
. A . A : A : A
= — = - . . 4
il{l(l)u) (e) il\ff(l)cu (N —¢), il\l‘%ﬂ' (e) il{‘%ﬂ' (N —¢) (3.74Db)

Using the evolution equations we find that the boundary conditions (3.74]) turn

into a constraint on the holonomy once we close the loop around the spinfoam face.
This happens as follows: We invert and solve it for the holonomy U (0, N) in
terms of the quadruple of spinors (Z(0), Z(NN)). Inserting the boundary conditions we
get:

U%p(0,N) =P —/N Ap =
(0, exp( ds@(s)) B
0

i i

— (rw)~! (e* 7 wA(0) 15 (0) — e+3+iA7rA(0)wB(0)), (3.75)

A

where mw = maw*, and we have introduced the quantity

N
A= /0 deA(t), (3.76)

which we can write equally well as

27 ) _ U, Nw(0)]2

P T eoE (8.77)

Equation (3.75]) is an interesting result. First of all it tells us that the holonomy around
a spinfoam face cannot be a generic SL(2,C) element but preserves the flux through
the triangle dual to the spinfoam face, i.e.:

U0 (0, NYU (0, N)w'©(0)72)(0) = w(0)7)(0). (3.78)

exp (

The same constraint also appears in Regge calculus [64,169-172], but there is a major
difference. In Regge calculus the holonomy is further constrained to be a pure
boost, here it is neither a boost, nor a rotation, but a four-screw, i.e. a combination of
a rotation and a boost in the direction of the rotation axis. This feature reappears in
the quantum theory [173H176|, and calls for a more careful analysis.

In the next two sections we will further delve in the geometry of the spinfoam face
and prove that A is a measure of both extrinsic and intrinsic curvature.

3.3 EXTRINSIC CURVATURE

We are now going to calculate the extrinsic curvature smeared along a link connecting
two adjacent tetrahedra. This will give us a better understanding of the Lagrange
multiplier A appearing in the action . We will indeed prove that it is a measure
of the extrinsic curvature smeared along a link.

Let us consider first two points labelled by coordinates ¢ and ¢’ on the boundary
of the spinfoam face. Take the holonomy h(¢,t') along the link connecting the two
respective tetrahedra sitting at ¢ and t/, we use and thus have:

wA’JTB — EAwB

gt t) = = NN (3.79)
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3 The discretised theory

where we have introduced the abbreviation

(W, mw,m) = (w(t), 7 (t'), w(t), m(t)). (3.80)

At this point let us stress again that links and edges have to be carefully distinguished.
Edges enter the bulk of four-simplices, whereas links belong to the three-dimensional
boundary of the four-simplex, see figure [3.1]

The two tetrahedra are embedded into the four-dimensional manifold with normals
n = n(t) and n = n(t'). The extrinsic curvature smeared over the link between the two
is measured by the angle [151]:

ch(E(t,t') = —n B )R 5t )PP =
1

= —WBAA (%AWB - EAWB) (Q

1/ |wl|f? ;
Q(HWHn i ’%Hn) (3.81)

el Ml

This equation gives the angle up to a sign, we remove the remaining ambiguity, just as
in reference [177|, by defining

2
oy _ IOl

_ (3.82)
T IE )

There are now two important cases to distinguish. In the first one, ¢ and ¢’ lie on the
same edge. The normal is parallel along the edge, hence transported by the holonomy
according to

W) = UA(t, )T 5(t, ¢ )nPB(1). (3.83)

With this equation the normals cancel from the definition of the angle (3.159)), and we
find the following.

N G .

If ¢, belong to the same edge:
G

AN (38

In the second case ¢t and ¢’ belong to neighbouring tetrahedra, with normals n(t) and
n(t') to be distinguished. Assume the two tetrahedra meet at the i-th vertex, that is
at coordinate value t = i. We thus get

1t asaes) 1U (2, i) w (@)

E(t,t/) — _B22+1 (3 85)
e e - . .
U (i, t’)w(z)Hi(t,)
In the middle of each edge we have chosen time gauge (3.39)), hence:
. A2 i A
Vi : nAA(%) = — 544 (3.86)

V2
We compute the angle between adjacent tetrahedra, as introduced in (3.41)), and get:

I?

e W) OBy g )
L e\ 1U (G, i+ e)w (@)% IIQS"“mw(z)HZ’

€i+1

(3.87)

(i4¢)
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3.4 Intrinsic curvature

with the norm ||w||> = § 4, sw?@4, and the abbreviations:

gtarget — U(i, %)7 gsource — U(Z o 1’ 21'—1)' (3'88)

€ € 2

These group elements belong to the final and initial point of the edges; g8, for

example, is the SL(2,C) holonomy along the i-th half-edge going from the vertex v;
towards the center of the edge at parameter time ¢t = % These bulk holonomies
play an important role in the asymptotic analysis of the spinfoam amplitude [177,[178§],
which is why we have introduced them here explicitly.

Do the Z-angles just considered define proper observables? There are two gauge
symmetries to take care off, the SU(2) transformations generated by Gi° (or
rather G%g) for the more general case), and the scaling transformations generated by
the Hamiltonian vector field of D. Since the SU(2) norm is, by definition,
rotational invariant, and the angles are a function of those, they are certainly SU(2)
invariant too. But Z(t,t’) transforms non-trivially under D. We have in fact:

2
loll?, = exp(eXp) [llwl7] = e+ wll7. (3.89)

Since € may locally be an arbitrary continuous function of ¢, the gauge transformation
shifts the integral over the Lagrange multiplier to a new value:

/t " dsA(s) o () — () + /t " dsA(s), thus A é A (3.90)

We see Z(t,t') is generally not D-invariant and does not define a proper observable.
Nevertheless there is a gauge invariant quantity, that we can build out of A. The overall
angle, as defined in is an observable. This is true, simply because we are working
with periodic boundary conditions that require periodicity €(0) = ¢(NN) of the
gauge parameter.

We can make the gauge invariance of A even more obvious. Notice first that any
transformation generated by D cannot change the angles between adjacent
tetrahedra. Consider next the boundary conditions . They imply all angles

E(%, 212—“) sum up to zero when going around a spinfoam face. This means

= 2 [N 2
1= X i mal 0Oy S - 2 (3.91)

The last identity gives A in terms of the angles =; between the normals of adjacent
tetrahedra. In the next section we prove this quantity is proportional to the curvature
tensor smeared over the spinfoam face, revealing a close analogy with Regge calculus.
This proportionality will be exact and not an approximation.

3.4 INTRINSIC CURVATURE

The previous sections revealed a Hamiltonian generating the time evolution along a
spinfoam edge. We have seen this Hamiltonian preserves the constraint equations—
the Gauf law together with the simplicity constraints—once the Lagrange multiplier
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in front of the second-class constraint F,, = 0 vanishes. Both Gauft’s law and the
simplicity constraints have a well explored physical interpretation, they guarantee all
triangles represent spatial planes in internal Minkowski space that close to form a
tetrahedron [5152]. Knowing the geometric interpretation of the constraints, what do
the evolution equations tell us? Do they also have a clean physical interpretation? In
this section we will explore this questions, and show that the equations of motion for the
spinors probe the curvature smeared over a wedge. For this we need some preparations
and study first how the holonomy changes under variations of the path.

Be e : s € [0,1] = 7:(s) € S an e-parameter family of paths, piecewise differentiable
in both £ and s. We can now take two derivatives obtaining the tangent vector 7.(s) =
%%(s) € T, (5S and the variation §v.(s) = %%(3) € T, (5S. For e = 0 we write,
e.g. 07(s) := 0ve=o(s). From the defining differential equation of the holonomy, i.e.

d
/e = A9 0 e)s (3.92)

we can get the variation of the parallel transport at € = 0. We just need to differ-
. . . . . -1 .
entiate equation |} with respect to e, multiply everything by h%(s) and integrate

the resulting quantity against fol ds. Performing a partial integration we then get the
variation of the holonomy

d
de

P = = Ay (07)hy ) + 1) Ar0) (07)+

1
+A dSth(l)h;(ls)F'y(s)(’Y/y57)hfy(t)~ (3.93)

A more detailed proof can be found in the first supplement to this chapter. Let us now
see how the equations of motion for the spinors define such a variation. In our original
continuum limit, discussed in section the quadruple (7w(t+¢),w(t+¢), 7 (t),w(t))
probe the SL(2,C) holonomy-flux variables on an infinitesimal wedge w;. The spinors
parametrise the holonomy along the link ’Yt_+la o ¢ connecting the tetrahedra at ¢ and
t+ e by:

— A — A
7TA(t + E) = (hﬁtis(l)h%(l)) Bﬂ'B, wA(t + 8) = (h%ie(l)h%(l)) BwB. (3.94)

This is just equation ([3.9) written in terms of the continuous variables on an edge.
The underlying path ~; . 0 is defined as follows: Three lines bound the infinitesimal
wedge, the first goes along the edge, from ¢ towards t+¢. The second part is v; entering
the spinfoam face starting at time ¢. The last part %_+15 closes the loop; it goes from
inside the spinfoam face towards the edge at t + ¢. Figure [3.2] gives an illustration of
the geometry. Using equation we can now take the covariant derivative of
to find:

Do, (t) = FAp(t)r"(t), Daw(t) = FAp(t)w" (1), (3.95)
where we have introduced the curvature smeared over an infinitesimal wedge. More
explicitly

! d d A
FAg(t) = | ds [lfl F (7 (s), & (s))h } e sl(2,C) (3.96)
B ) 0 Y ()" 7e(s) ds’}/t 7dt7t Yt(s) B Ve )
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3.4 Intrinsic curvature

spfoar,
wedqe

/aiﬁ'c &

Figure 3.2: Going from ¢ to t + & we can probe an infinitesimal wedge, the boundary of
which has two parts. The first part belongs to the edge and has a tangent
vector ;. The second part (the triangular line in the picture) is a link
inside the wedge, itself split into two halves. Its “upper” part we call v,
while the lower half is v;, putting them together determines 7(¢ 4 €): The
spinor 7(t 4 ¢€) is the parallel transport of 7(t) along the connecting link

—1
’Yt+5 o ’yt‘

Notice that equation has the structure of a deviation equation, with the deviation
vector replaced by a spinor. If we now compare (3.95) with our equations of motion
as they appear in we can read off the smeared curvature F'(t). What we find is
that: ]

FAB (t) _ ;‘%W(A

B+inw

We can now go even further and smear the curvature tensor all along the spinfoam face
f- The curvature having two free indices, this has to be done in a certain frame. We
can reach this frame by additional holonomies along the family of paths {v}c(0,n)-
These paths map the spinors attached to the boundary of the spinfoam face towards
its center—this is the point where all the wedges come together. Indices referring to
the frame at the center of the spinfoam face we denote by A,, B,,.... In this frame,
the only ¢-dependence of the integrand is in A(¢), and we can immediately perform the
t-integration to arrive at:

A,By _ L N AoBop AN x4oBo (7]
/fF _2/0 () = LS (3.98)

) P)(t). (3.97)

The factor of one half appears since every infinitesimal wedge has a triangular shape,
Al[r] is the area of the triangle, while A denotes the integral of A along the
boundary of the spinfoam face (see , moreover: A has nothing to do with the
cosmological constant). With we can see this integral is nothing but the sum
of the angles between adjacent tetrahedra at all the vertices the triangle belongs to.
We could thus say that the curvature smeared over a spinfoam face is proportional to
the “deficit angle” Zfil =; collected when going around a spinfoam face. Although this
sounds very much like Regge calculus, there are two subtle differences appearing. First,
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3 The discretised theory

and most importantly, the curvature smeared over the spinfoam face does not represent
a pure boost as in Regge calculus, but instead a four-screw, which is a combination of
a rotation and a boost into the direction that the rotation goes around. The relative
strength between these two components is measured by the Barbero—Immirzi parame-
ter, which may be an important observation when we ask for the classical role of that
parameter. The second difference is more technical. In Regge calculus, curvature is
distributional, and concentrated on the triangles of the simplicial decomposition. Here
it is not, but continuously spread over all wedges.

3.5 TORSION AND TWISTED GEOMETRIES

3.5.1 The role of torsion for the discretised theory

During the last sections we developed a Hamiltonian formalism of the spinfoam dy-
namics along an edge. The constraint equations must hold for all times, which leads
to restrictions on the Lagrange multipliers in front of the second-class constraints. In
fact, the multiplier z imposing F,, = 0 just vanishes. However no secondary constraints
appear. This should come as a surprise to us. In the continuum, time evolution pre-
serves the reality conditions only if additional secondary constraints hold true (see for
instance [994100,/160]). Together with the restrictions on the Lagrange multipliers, and
the evolution equations for the triad, they force the Lorentz connection to be torsionless,
ie. @% =Dn% =0.

Let us now ask where the torsionless condition can show up in a discrete theory
of gravity. Torsion is a two-form, which suggests to smear it over the “natural” two-
dimensional structures appearing. These are the triangles 7, each of which is bounded
by three lines forming the “bones” of the spatial triangulation. With the covariant
version of Stoke’s theorem the integral over the triangle turns into a sum over the
bones b € 1 bounding the surface:

O :=Dp"=0= Y n*[b] =0. (3.99)
beor

Here n®[b] denotes the tetrad smeared over a bone parallel transported into the frame
at the center of the triangle 7. Despite its simple looking from, this equation becomes
rather awkward when it comes to loop gravity. Our elementary building blocks are area-
angle variables—fluxes X[7] smeared over triangles 7. We do not have the length-angle
variables of the tetrad formalism at our disposal, and we are thus unable to probe
equation directly. The tetrads are in fact complicated functions that require
invertibility of the fluxes—a highly nontrivial condition in a discrete theory of gravity.

But assuming holds true, we can deduce equations more suitable for area-
angle variables. Consider first the covariant exterior derivative of the Plebanski two-
form ¥,3 = 1o A ng. This is a three-form constrained to vanish due to . We
can integrate this three-form over any tetrahedron, and obtain—again using the non-
Abelian Stoke’s theorem—Gauk’s law:

D* An’)=DE =0= Y =[] =0. (3.100)
TENT
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3.5 Torsion and twisted geometries

For any tetrahedron, the sum of the fluxes through the bounding triangles must vanish
(with the fluxes parallel transported into the center of the tetrahedron). This is just
the Gauf constraint, that we have already found in , and therefore parts of
the torsionless condition are already satisfied. We can play this trick one more time,
arriving at yet another torsional constraint.

The vanishing of torsion implies the exterior covariant derivative of the volume three-
form 7, An, An, must vanish. This defines a four-form, the integral of which must vanish
for any four-dimensional region. We take a four-simplex surrounding a vertex wv; it is
bounded by tetrahedra 7 € 0v equipped with normals n®[7] in the frame of the center
of the four-simplex. Assume all normals are future oriented, and let ¢[T] € {—1,1} be
the sign needed for the vector e[T|n®[T] to point outwards the four-simplex v. In the
discrete theory, the integral of the covariant exterior derivative of the volume three-form
turns into a sum over the tetrahedra bounding the integration domain:

1
— gD(eaan“ AR AnP) = D(nadvol,) = 0 = E £[T]na[T] 3vol[T] = 0. (3.101)
’ Teov

Here 3vol[T] denotes the volume of the tetrahedron T, a quantity that we can write
fully in terms of fluxes:

350l[T] = \f\/}eijkEi[ﬁ]Eﬂ' [72] Sk [73]|. (3.102)

Therefore, the four-dimensional closure constraint (3.101)) fits well into the area-angle
calculus of spinfoam gravity. Reference [51] has already discussed this constraint, what

is new here, is the torsional interpretation we gave to it.

We have mentioned above that the torsional constraint (3.100)) is already satisfied,
()

due to Gaul’s law. Its rotational components 24}21 L;’ = 0 appear as first class

constraints, while the boost parts 21}11 Ki(l) = 0 vanish weakly, i.e. they are of second
class. The situation is similar for the four-dimensional closure constraint just
mentioned: Given a solution of all the equations of motion (these are the Gaufs law,
the simplicity constraints together with the evolution equations for the spinors), the
four-dimensional closure constraint is automatically fulfilled. In our language, the
proof [177] of this statement would prominently employ the evolution equations (3.71)
and therefore equation holds in the weakest possible way: Only if we solve all
the equations of motion we find that the four-dimensional closure constraint is satisfied.
In quantum theory, we recover this constraint only at the saddle point, and we may
need to impose this condition more strongly.

Let us also stress, that the additional constraint may actually impose another
condition often ignored in loop gravity. This is the so-called volume constraint [126,
179|, that guarantees that the volume of a four-simplex is the same for whatever pair
of fluxes we take to compute it. To be more precise, for any pair of triangles 7 and
7/ that belong to the same four-simplex but lie in different tetrahedra, this constraint
requires that

|€apu S [T]ZH 7] (3.103)

is independent of the pair of triangles under consideration. This constraint is automat-
ically fulfilled once the four-simplex is flat (and the Gauf law holds true). This is why
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3 The discretised theory

we often ignore it. But we have just seen in the last section, that the wedges carry
curvature. Therefore we cannot assume that the four-simplices are flat, and should
take the volume constraint more seriously.

We will now give a simple argument supporting the idea that the additional torsional
constraint has something to do with the volume constraint just mentioned. Let
us define the “four-momentum of a tetrahedron”, i.e the four-vector

[T = *vol[T]n[T], (3.104)

in the frame of the center of the four-simplex. The volume *vol[v] of a four-simplex v
is a function of these momenta, it is in fact nothing but the wedge product of four of
them, a short calculation gives

(ollo)” = % 5 copu [T2) 07 T3] (73] " 73], (3.105)

with 7; for ¢ = 1,...,5 labelling the five tetrahedra bounding the four-simplex. With
the conservation law of the four-momenta fulfilled, the four-volume ([3.105)
would be obviously the same for whatever quadruple of tetrahedra we take to calculate
it. In this sense the additional torsional constraint has the same intention as
the original volume constraint, and guarantees the volume of a four-simplex is the same
from whatever side we look at it.

The torsional equations (3.99), (3.100) and (3.101) have an important geometrical
interpretation provided by Minkowski’s theorem [156]. The Minkowski theorem holds
in any dimension [V, irrespective of the metric signaturelj. It states that given a number
of covectors v!,...vM, M > N that close to zero, there exists a unique N-dimensional
convex polytope in RY, bounded by N — 1-dimensional facets normal to v',...vM,
with their volume given by the magnitude of v',...v™. The role of the Minkowski
theorem for the three-dimensional geometry is well explored, [511/52}/55}/150,[180H183].
The idea is, that the conservation law provides the geometry of the spinfoam
vertices, just as the Gaufs law uncovered the geometry at the nodes of the spin
network functions.

3.5.2 The Minkowksi theorem in Minkowski space

In this section we will prove that Minkowski’s theorem holds irrespective of the metric
signature. To this goal, let us first recall the Minkowski theorem in R*. We choose
Cartesian coordinates (X, X!, X2 X3), and introduce the Euclidean metric:

ds?® = 6, dXH dXY = (dX)? + (dX1)? + (dX?)? + (dX?)2. (3.106)

Consider now a set of N positive numbers V(1),...,V(N) and covectors n,(1),...,
n,(N) normalised to one: 0*n,(i)n, (i) =1 (0" is the inverse metric). Suppose that
(i) the normals span all of R%, and (ii) close to zero if we weight them by V(i):

N
span{n“(i)}izl’m,N =R?,  and: ZV(z)nu(z) =0. (3.107)
i=1

“The metric plays actually little role in the Minkowski theorem, a point that has so far been largely
ignored to my knowledge. In the next section, we will in fact prove that the Minkowski theorem also
holds in Minkowski space.
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The Minkowski theorem states that (i) and (ii) are both sufficient and necessary to
reconstruct a four-dimensional convex polytope P C R* out of this data. Its bound-
ary P splits into N three-dimensional polytopes 7T;, with their respective three-
volumina given by {V'(¢)};=1,. .~ while their outwardly oriented four-normals are given
by {n#(i)}i=1,.. .~ (with the Euclidean metric and its inverse moving the in-
dices). The resulting polytope is unique up to rigid translations in R*. We can remove
the translational symmetry by demanding that the center of mass lies at the origin:

/ d*X X* =0, (3.108)
P

where d*X = %eagdeo‘ A+ AdX" and €g123 = 1. Notice also that we should view
the polytope P simply as a pointset P C R*. Its boundary 0P = Uzj\il T; is the union
of the three-dimensional polytopes T;. We call them the facets of P.

We will now show that the metric plays little role in the reconstruction of P
from the volumes and normals of the bounding facets. In fact the pseudo-normals

V(i) = V(i)n,(i), (3.109)

together with the four-volume element d*X are the only ingredients needed to recon-
struct the polytope.

To understand why this is true, let us first define the following covectors attached to
each bounding polytope:

1
Vulli] = 5 /T upod XV AdXP A dX7. (3.110)

Notice that no metric structure enters the definition of these covectors, the only ingredi-
ent is the four-dimensional volume element (which is in one-to-one correspondence with
the e-tensor €g123 = 1). It is immediate to see that any such covector V,,[T;] annihilates
the tangent space of T;: for if Z* be tangent to Tj: V,[T;]Z* = 0, hence V,,[T;] o< 1, (7).
The proportionality is given by the volume, and therefore V,[T;] = V(i)n,(i). This
follows] from the determinant formula:

Carazazas€f1P20361 = Z Sign(ﬂ)émb’ﬂu)5a25ﬂ(2)5asﬁﬂ<3>6a45w(4)’ (3.111)
TESy
where Sy is the group of permutations of four elements. In other words, the volume
V(i) of T; determines the magnitude of V,,[T;] according to
VT = V(i) = V(). (3.112)

where V(i) equals the Euclidean volume of the three-dimensional bounding polytopes.
Let us make the dependence of (3.112) on the metric tensor more explicit, we thus
write:

V(i) = Vol[T3, 4] ::/ d3x\/det (6(0:,0)) = \/WVM[Ti]VV[Ti]. (3.113)

T;

“The proof is simple: Multiply V,[Ti] by the normal n*(i) and write the resulting integral as

VulTiln# (i) = [, de\/(eaﬁwn"‘ (i) 2X 7 X1 XY )2, where {z',z?,2®} are positively oriented coordi-

ozl 0x2 0z3
nates in T;. If we then employ (3.111]) we get the volume as the integral of the square root of the
determinant of the induced metric on T;.

97
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where we have introduced (positively oriented) coordinates {z!,x2 23} on T}, and
0(0;,05) = 5uy%§f %)g. We can now also see that n, (i) is indeed the metrical nor-
mal vector of Tj:

VulTi]
Vol[T;, 8]

So far, we have done nothing new. Now we should ask the crucial question: How does
the reconstruction of the polytope out of normals and volumes depend on the metric
tensor—given two metric tensors 6,5 and 5043 would we still get the same polytope?
The answer is yes provided the two metrics induce the same four-dimensional volume
element, i.e. detd = detd = 1. This can be seen as follows.

Let us start again with a set of NV covectors V(i) i = 1,..., N that span the algebraic
dual of R* and close to zero. Using the metric 8, we can separate V(i) = V (i)n,(i)
into its magnitude V(i) and its normal direction n,(i): 6*n,(i)n,(i) = 1. We can
now use this data to reconstruct a polytope P bounded by facets T; and centered at
the origin.

Suppose now that we would have used another Euclidean metric SW = oA #AB v
with det A > 0 without loss of generality. We would then write V(i) = V(i)7, (i),
and use this splitting (together with the metric 5a5) to reconstruct the corresponding
polytope P now bounded by three-dimensional facets that we call T;. Their normals
are 71,(i) : "7, (i)71, (i) = 1, while V() gives the volume of T} as measured by d,p.
Again we assume both P and P to be centered at the origin.

Consider now the determinant formula which is now modified only by an
overall factor proportional to the determinant of A:

n, (i) = nulT;, 6] = (3.114)

1 i ~ ~ ~ ~
Corazazas€pifafsbs = qor A2 Z Slgn(ﬂ->5a15ﬂ-(l)6a2ﬂw(2)5a3ﬁ1r(3) 50&4&(4)' (3.115)
TESY

We can thus repeat the argument that has led us to (3.112)) in order to find:
VTi]) = V(i) = det AV,[T;]. (3.116)

Looking back at the definition of the volume and the normal (i.e. equations ([3.113)
and (3.114)) we see immediately that:

Vol[T;, 8] = det AVol[T}, 6], and: n,[T;, 8] = n,[T;, 9. (3.117)

We have thus found two convex polytopes P and P (both centered at the origin). With
respect to the original d,s-metric any two bounding facets T; and T; have identical
normals, while the three-volumina coincide only if det A = 1. In this case the two
data are the same, and the uniqueness of the reconstruction guarantees that the two
polytopes are the same, hence P = P provided det A = 1.

Let us make an intermediate summary: Taking N covectors V(i) that span all of
R** and close to zero we can reconstruct a unique convex polytope in R* centered at
the origin. We then introduce an auxiliary metric d,3 with det § = 1 to facilitate
the Minkowski-reconstruction of the polytope from these covectors. The result of the
construction is independent of the metric chosen: We could have picked any other
Euclidean metric 5a5 that satisfies det 6 = 1 and would have found yet the same
polytope.
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This tell us a lot for the Minkowski theorem in Minkowski space (R, Nag)- Again we
look at a set of N covectors V(i) that span all of R** (i.e. the dual of R*) and close to
zero. We can now pick a future oriented timelike normal and construct the Euclidean
metric ,, = 27,7, + 1. The next step is to use this Euclidean metric to run the
reconstruction algorithm. We end up with a unique Convexlj polytope centered at the
origin. This polytope is bounded by three-dimensional polytopes T;. We compute the
conormals V,,[T;] (as defined by (3.110)) and find again V(i) = V,[T;]. The resulting
polytope P is independent of the metric chosen: If we chose another future oriented
time-normal Tu we would use another metric SW =T MTI, + M- The two normals are
related by a Lorentz transformation: A% € SO(1,3) : T,, = A?, T3, and so are the two
metrics: 5(15 = 0 Ao A5, But det A = 1 implies P = P, the two polyhedra are the
same and thus independent of the metric chosen.

We are now only left to understand the metrical interpretation of these conormals.
This is again uncovered by the determinant formula: In fact, equation also
holds in Minkowski space, it just picks a minus sign:

Caranazas€p1P2B361 = Z Sign(”)nmﬁﬁ(n77a2/3w(2>7703ﬁ7r<3)770¢45w(4)' (3.118)
TESy

This equation implies that the magnitude of the pseudo-normals measures the Lorentzian
three-volume of Tj:

1 Vu()V, (i) = eiVol[T;, n)?, (3.119)

where n*¥ is the inverse Minkowski metric, Vol[T;, 7] measures the Lorentzian three-
volume of T}, and ¢; = £1 for if T; is a spacelike (timelike) three-surface. In the case of
T; being null V,,(7) is a null-vector, hence Vol[T;, 7] = 0, and we thus have for all three
cases:

Vol[Ti,n]:/ dz'dz?da? /| det n(9;, 9;) :\/\nwvum]vym], (3.120)
T;

with 1(0;,05) = nag 88);1 %);f, and {z!, 22, 23} positively oriented coordinates in Tj.

Let us summarise this result: Given a set of N covectors V(i) € R** that close to
zero and span all of R**, we can construct a convex polytope P C R* unique up to rigid
translations. This polytope is bounded by N three-dimensional polytopes T; such that
V(i) = % sz‘ €wagdXHNA--ANX . These covectors acquire a geometrical interpretation
only if we introduce a metric (say a Lorentz metric 7,4): In this case the magnitude
n*'V,,(4)V, (i) measures the metrical volume of T; while the vector V#(i) o< n, (i) points

into the direction perpendicular to T;.

3.5.3 The spin connection for twisted geometries

In the first part of this section we studied the role of torsion for discrete geometries.
Employing the Minkowski reconstruction theorem (generalised to Minkowski space in
subsection |3.5.2) we realised torsion guarantees the geometricity of the elementary

“Note that we do not need a metric to speak about convexity: A set P € R* is said to be convex if
for any two points X*,Y* € P also all elements of the connecting line tX* + (1 —¢)Y* with ¢ € (0, 1)
are points in P.
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building blocks: If there is no torsion in a four-simplex, then each bone bounding a
triangle has a unique length, and all bones close to form a triangle. Every individual
four-simplex is geometric, but if we ask how the elementary tetrahedra glue across
neighbouring four-simplices we may find a discontinuity. This is what happens in loop
gravity. When looking at a spatial slice, the discontinuities induce a twisted geometry.
Twisted geometries were discovered first in the pioneering articles [51}/54/150]. In this
section we compute the torsionless connection for twisted geometries. But let us first
explain what we actually mean by a twisted geometry.

A twisted geometry is a generalisation of a three-dimensional Regge geometry. It
is an oriented three-dimensional simplicial complex (a triangulation), equipped with a
flat Euclidean metric in each tetrahedron, together with the condition that for any two
tetrahedra sharing a triangle both metrics agree on the area bivector in betweenﬂ The
definition of the area bivectors is as follows. In a locally flat region we can find inertial
coordinates (z!, 22, 2%) = (x,9, z) to write the area bivector of an oriented triangle 7

as the surface integral:
1

Ei[r] = Q/Eijkdx" A dz. (3.121)
T

Any triangle bounds two tetrahedra, and we thus have two metrics to compute its

shape. Three numbers determine the shape of a triangle—for example its area and two

angles. Twisted geometries preserve the area, but the angles may change across the

triangle. If we only match the areas, we get a twisted geometry, if in addition we also

match the angles between any two bones, we further reduce to a Regge geometry.

In loop quantum gravity the semi-classic limit leaves us with a twisted geometry.
The fundamental phase space variables are the holonomies of the Ashtekar—Barbero
connection along the links between adjacent tetrahedra, and the area bivectors between.

In the continuum, the underlying connection A®?, neatly splits into two parts.
The Ashtekar connection is, in fact, nothing but the spin connection I'?[e] shifted by
the extrinsic curvature tensor Ki,: AP, = 17, + BK',, where 3 is the Barbero—
Immirzi parameter. The extrinsic curvature tensor K%, depends on the embedding of
the spatial slice into the spacetime manifold. The spin connection, on the other hand,
is fully determined by the intrinsic geometry through Cartan’s first structure equation,
namely the condition of vanishing three-torsion.

As pointed out in [150151], there is no such clean separation of extrinsic and intrinsic
contributions for the discrete theory, because the Cartan equation requires continuity
of the triad across the triangle. For this reason, a definition of the spin connection for
twisted geometries has been an open task just until recently. The solution was found
in |159], which I published together with Hal Haggard, Carlo Rovelli and Francesca
Vidotto. In the following I will briefly report on this result, thus providing a definition
of I'?,[e] that remains meaningful for a twisted geometry.

In a twisted geometry there is a discontinuity of the metric across a triangle. There
is one flat metric from the “left”, and another one from the “right”, each of which induce

“This definition is slightly stronger than the one emerging from the classical limit of loop quantum
gravity, since it fixes the full triangulation and not just its dual graph. Also, the definition given
here refers only to the intrinsic geometry. The full definition of the twisted geometry that appears
in quantum gravity includes also the extrinsic curvature, which plays no role here. Finally, for sim-
plicity we restrict our attention to triangulations, but the results presented extend to generic cellular
decompositions (and therefore to polyhedra other than tetrahedra).
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the same bivector on the triangle. This bivector F;[7] is nothing but the area of the
triangle weighted by its normal:

E;[t] = Alr]n;[7]. (3.122)

The triangle has both a unique area and a unique normal. The normal is the same
from the two sides, therefore the discontinuity of the metric can only be in the induced
metric on the plane of the triangle. This is a two-dimensional metric, thus described by
three numbers. Three numbers determine a triangle, and the area is one of them. The
discontinuity must therefore be in the two remaining degrees of freedom, that describe
the shape of the triangle up to an overall scaling.

The triangle looks different from the two sides, yet its area is the same. Given two
triangles that have the same area there is a linear change of coordinates that map
one to the other. If we embed the two triangles into R? this transformation must be
an SL(2,R) element. We can thus use an element e € SL(2,R) to parametrise the
discontinuity of the geometry at the plane of the triangle.

Let us now choose a coordinate system {x,y,z} covering the two tetrahedra and
align it to the triangle: the triangle should rest at z = 0, while 9, should be its normal
vector. The geometry is locally flat, and we can thus always choose this coordinate
system such that it is inertial in the “left” tetrahedron. This means that e’ = dz’ is a
cotriad on the left hand side tetrahedron (i.e. for z < 0). There is no discontinuity in
the normal direction, and we can thus always find a triad on the right hand side that
has the constant form

el =el de + ely dy, e?=e dx+ er dy, ¢ =d-. (3.123)
The area is preserved across the triangle, and we thus have the condition dete = 1,
where e is the matrix
el ely 0
e=| €%, €%, 0 |. (3.124)
0 0 1

This is an SL(3,R) element, or, more specifically it is in the SL(2,R) upper block
diagonal subgroup of SL(3,R).

The geometrical interpretation of these groups is straightforward: e is the linear
transformation that sends a triangle with the dimensions given by the left metric into
the triangle with the dimensions given by the right. In other words, e is the linear trans-
formation that makes the two triangles match. Since the triangle is two-dimensional,
we can always restrict this linear transformation to an element of SL(2,R).

Once we have a triad e?, we can look at Cartan’s first structure equation:

de’ + €'y, wi A ef = 0. (3.125)

For a given triad, there is a unique solution for w?, = T'%,[e], which in turn defines
the torsionless spin connection. For a twisted geometry there is a discontinuity in
the cotriad, and Cartan’s first structure equation does not make sense any longer. To
define the spin connection for a twisted geometry we need a regularisation. We therefore
introduce a smeared cotriad which is now continuous all across the triangle, but depends
on a regulator A. The limit of A — 0 brings us back to a discontinuous triad, and
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3 The discretised theory

defines, through Cartan’s first structure equation, the torsionless spin connection for a
twisted connection.

Let us now look at the region R? x [0, A] around the triangle. We are now searching
for a continuous cotriad e(z) such that e(0) = 1 is the cotriad in the left triangle,
while e(A) = e gives the cotriad in the right triangle. In the limit of A \,0
this region shrinks to the plane of the triangle, and there appears a discontinuity in
the metric. Once we have a continuous triad, this defines the spin connection, and
we can compute the parallel transport U(e) € SO(3) across the triangle. The limit
A N\ 0 then defines the holonomy across the triangle for a twisted geometry. The only
missing ingredient is to choose the actual function e(z) interpolating between the two
sides of the triangle. This function cannot be arbitrary, for there is a highly nontrivial
condition: The resulting parallel transport must transform homogeneously once we
rotate the frames at either side of the triangle. In other words:

U(RseR; ) = RU(e)R; (3.126)
for any Rs, Ry € SO(3). Looking at the polar decomposition of e:
e = exp(A) exp(9), (3.127)
where A is antisymmetric and S is symmetric, we can find an interpolating triad
e(z) = exp(zA) exp(zS), (3.128)

that satisfies equation for all Ry, Ry € SO(3). This defines a continuous triad
joining the two tetrahedra, diﬁ’erentiableﬂ in (0,A). We can now compute the spin
connection and take the limit A 0. This defines a torsionless spin connection for the
twisted geometry.

We will now compute this connection explicitly. From the last equation, we have

de’ = (A +exp(z4)S exp(—zA))ij dzAel. (3.129)
Inserting this into the Cartan equation (and lowering an index) we have
(A +exp(zA)S exp(—zA))ij dz Ael = —eijp, Wi NP (3.130)
The solution of this equation is given by
w' =W el (3.131)
where

why = —€M (A +exp(zA)S exp(—zA))jkelZ + %eklmAklemz(S;-, (3.132)

and e;® for ¢ = 1,2, 3 are matrix elements of the triad.

“This triad has a discontinuity in its first derivatives at z € {0,A}, since for z < 0 (z > A)
e(z) assumes the constant form e(z) = 1 (e(z) = e). This discontinuity is, however, of little physical
importance, since we can always smooth it out by a chance of coordinates z — Z(z). Our resulting
holonomy has, however, a coordinate invariant definition, and does therefore not depend on this choice.
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3.5 Torsion and twisted geometries

What is relevant for us here is only the holonomy of the connection along the transver-
sal direction. Consider a path v crossing the region at constant x and y. The holonomy
of the connection w = w’jej ® 7; along this path is given by

U = Pexp(—Lw) :Pexp(—/OAw(az)dz). (3.133)

Observe now that wij is block-diagonal, and its entries wijej . = w'(9,) in the third
column are determined only by the last term in (3.132)). Therefore

wk(8,) = %e’“ﬁ‘Azj. (3.134)
So that
U=expA, (3.135)

that is, the holonomy is precisely the orthogonal matrix in the polar decomposition of
e. For the explicit form of the polar decomposition, we have then that

Ule) = e(e”e)" /2, (3.136)

where e” is the transpose of e. Since U (e) is independent of the size of the interpolating

region, taking the limit A — 0 is immediate. The resulting distributional torsionless

spin connection is concentrated on the face 7 : (0!, 02) = 2%(0) and is given by

i _ i _ 9010 i
[ = =A% dry = =0 (1 gg)jd%' (3.137)
where ¥ is an angle, and the distributional one-form of the triangle is defined by
b c -
dro(z) = /T Ao gflgfz Nabe 8( — (), (3.138)

where {o!,0%} are coordinates in the plane of the triangle, and Nabe 18 the inverse
Levi-Civita density. From this expression it is easy to verify that is satisfied.

In this section we defined the torsionless spin connection for a twisted geometry,
and computed the corresponding holonomy along the link dual to the triangle. In our
inertial coordinate system, the resulting parallel transport is a function of a single angle
9, as defined in . This angle is one of the three numbers parametrising the twist
in the metric across the triangle. We can write it fully in terms of the bivectors of
the two adjacent tetrahedra. The original paper, reference [159] contains the explicit
expression. This angle is therefore a function solely of the intrinsic discrete data on
the spatial hypersurface. The same happens in the continuum theory, where the triad
fully determines the torsionless spin connection.

This result should clarify some confusion in the literature. It has often been argued
(see for instance [165,(166]) that the distributional nature of twisted geometries hints
at the presence of torsion. This section proved this intuition wrong. A metric by itself
does not define torsion. Torsion is a property of a metric-compatible connection, and
thus requires a connection on top of a metric. There is only one connection which is
both metric compatible and torsionless. This is the spin connection, and we saw that
the torsionless condition defines a metric compatible connection also for the case of
twisted geometries.
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3 The discretised theory

3.6 FROM SPINORS DOWN TO ASHTEKAR-BARBERO VARIABLES

How can we know that our spinorial framework, which we have advocated in the
first part of this chapter, is actually compatible with loop gravity in terms of SU(2)
Ashtekar—Barbero variables? To explore this issue, we will have to study the reality
conditions , write them in terms of the spinorial representation, and solve them.
The result will reduce twistors down to SU(2) spinors, with the emergence of the SU(2)
holonomy of the -dependent Ashtekar—Barbero connection. The following chapter is
based on what I have published together with Simone Speziale in [151].

3.6.1 Solving the linear simplicity constraints

We start with the self-dual fluxes (2.96]) and discretise the reality condition (2.97)) in
terms of both the source and target variables of each link. This yields

1 g
i IL[7] + ce. = 0 < IL[r] = —eTL[7],
V7 ! | (3.139)
mgl[T] +cc.=0< ];:,[Z[T] = —elﬁlji[T],
where we have introduced the angle:
eV = gﬂ, 9 = cot L. (3.140)
—i

Defining the s[(2,C) Lie algebra elements II[r] = II;[7]7?, where {2ir; = Oiti=1,23 are
the three Pauli matrices, we can write this as:

I[r] = ®'r], T[] = ™I[7], (3.141)
with the Hermitian conjugate taken according to
M)A g = 644655115 4. (3.142)
In the spinorial parametrisation, the first equation in reads

— 2[4 = wanp) = —eV8 410550 7D, (3.143)
It apparently gives two equivalent decompositions of Il 45 in terms of spinors and their
complex conjugate. But the decomposition of a symmetric bispinor is unique [29] up
to exchange and complex rescaling of the constituents, therefore 75 and w must be
linearly related.lj Furthermore, part of the complex rescaling is fixed by the phase
appearing explicitly in , leaving only the freedom to real rescalings. Hence, we
can parametrise the solutions as

-A

ﬂA:reichAAw , wp = — eigéAAﬁA, reR—{0}. (3.144)

S |-

“The other possibility, a linear relation between w? and @? (and between 74 and 7 z) would only
yield degenerate solutions, for, if wa = 20, ;0 with z € C, we also have 0 = waw® = z||w]||?, thus
A
w” =0.
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3.6 From spinors down to Ashtekar—Barbero variables

The matching of left and right geometries as implied by immediately translates
into the left and right spinors being proportional. The same conclusion holds in a
general gauge, with a generic normal replacing the identity matrix, as in (3.20]). Re-
markably, the simplicity equations then take up the same form as Penrose’s incidence
relation. It would be intriguing to explore the existence of a deeper connection between
these two notions. That simplicity implies proportionality of the spinors is a key result,
and was also derived in [184]. It means that a simple twistor, i.e. a twistor satisfying
the simplicity constraints, is determined by a single spinor, plus a real number, the
meaning of which will become clear below.

By contractions with w and 7, equation can be conveniently separated in two
parts,

D=——wirstcc.=0, F=—"m0;=nrm5=0.  (3.145)

i
B+i V2
Here, D is real and Lorentz-invariant, while F' is complex but only SU(2) invariant.
Following the literature, we will refer to D as the diagonal simplicity constraint, and
F as off-diagonal. The simplicity constraints D, F', along with D, F' for the tilded
spinors, and the area matching condition C' (3.14)), form a system of constraints on the
link space T x T = T? =2 C®. The algebra can be easily checked to give
2if8 _
D, F}=————F {F F}=iJm(nmw),
b, 7} B24+1 thFy (me) (3.146)
{C,D}=0, {C,F}=-F=-{C, F},

and the same for tilded quantities.

The system lacks the discretised version of the torsionless condition that may
reappear once we also take the dynamics into account. We will come back to this point
below, because it should play an important role in the identification of the extrinsic
curvature. For the moment we do not have any secondary constraints, and study only
the system of simplicity constraints by itself. Looking at we conclude that the
diagonal simplicity constraints D and D are of first class, as well as C, whereas F
and F' are second class. That some constraints are second class even in the absence of
secondary constraints is a well-known consequence of the non-commutativity of
the fluxes.

The first class constraints generate orbits inside the constraint hypersurface. The
orbits of C' are givenlj in , whereas those generated by the diagonal simplicity

constraints are found from
i
6+

We also remark that the system is reducible, since only three of the four constraints
D, D Re(C) and Im(C) are linearly independent. We thus have three independent
first class constraints, and two, complex, second class constraints. The reduced phase
space has 16 — 3 x 2 — 2 — 2 = 6 real dimensions, and we will now prove it to be
T*SU(2). To that end, it is convenient to treat separately the area matching and the

(D,wh) = Biﬂwf‘, (D,7a} = —

T4 (3.147)
1

“If X = {C,-} denotes the Hamiltonian vector field, we have exp(zXc)[w?] = e*w for z € C.
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3 The discretised theory

simplicity constraints, the order being irrelevant. There are two convenient choices of
independent constraints, depending on the order in which one solves them. If solving
the set S ={D, D, F, F'} of simplicity constraints first, we use the constraints

C
Cied = =——+cc, D, D, F, F. 3.148
d B+i = ( )

If instead we solve C first, we can take

Re(C), m(C), B:=D+D, F, F. (3.149)

sred

The situation is summarised in figure [3.3

T2 S C? x C?
|
C Cred
| |
T*SL(2,C) Sted TSU(2)

Figure 3.3: Primary constraint structures between twistor and holonomy-flux spaces.
S and C' schematically denote the simplicity and area matching constraints,
and arrows include division by gauge orbits, when relevant.

Let us proceed solving the simplicity constraints first. For the untilded quantities,
(3.144]) solves all four S constraints, however the expression is not D-gauge-invariant.
For each half-link, gauge-invariant quantities live on the reduced space TS ~ C2,
and are parametrised by a single spinor, say 24 € C2. Since the simplicity constraints

introduce a Hermitian metric, we have a norm ||Jw||? = 6 4 w44, and use it to define
2
g lel” (3.150)
V1+ 52
which satisfies {D, J} = 0. In terms of J, equation (3.144) gives
N A .
A= (B+1)—50,4707, Tw = (B +1)J. (3.151)

o2

Then, the reduced spinor, which is now D-gauge-invariant, can be taken to be

A
A=V = V2T (3.152)

o]

Since we are assuming maw” # 0, this implies J # 0. We can further always assume
J > 0: In the case J < 0, we can flip the sign by simultaneously exchanging 7 with w
and 7 with w. The transformation

(ma,wima,w?) = (wa, 7t wa, ) (3.153)
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3.6 From spinors down to Ashtekar—Barbero variables

is, in fact, a symmetry of our spinorial parametrisation and . Hence,
selecting the sign of J removes this additional Zs symmetry of the reduction.

The same results apply to the tilded quantities. The reduced space T? /S ~ C? x C?
is parametrised by the following spinors,

A

A
A=Vl Y A T (3.154)

o[ 5L e[+

Notice that they transform linearly under rotations, but not under boosts: they are
SU (2) spinors, the Lorentzian structures being partially eliminated by the gauge-choice
needed to define the linear simplicity constraints.

To get the Dirac brackets for the reduced SU(2) spinors, we introduce the embedding
emg of the D = D = F = F = 0 constraint hypersurface into the original twistorial
phase space, and compute the pullback of the symplectic potential. This gives

emg® = emyg (TI'Ade — madw® + cc.)

—ems (7 + ) (121) + B0 - D n(lule])+

J
<H HZ(SAAw dw H H25AAW dw +cc>}

- %5 (et — 2t — ce). (3.155)

The induced Dirac brackets are the canonical brackets of four harmonic oscillators,
{24, 24} = —ig = — {24 A) (3.156)

This reduction is illustrated in the top horizontal line of figure The next step is to
implement the area-matching condition. As anticipated, part of C' = 0 is automatically
satisfied on the surface of D = D = 0. Using , the independent part Cieq can be
seen to give the real-valued SU(2) version of the area-matching condition introduced
in [150], that is

Crea = [12[I* = [|2]1* = 0. (3.157)

The gauge orbits generated by Cieq are U(1) phase transformations z4 — e¥z4, for
some angle . As proven in [150|, canonical variables on the reduced phase space
(C? x C?)//Creq are SU(2) holonomies and fluxes, satisfying their canonical Poisson
algebra. We are thus left with the phase space T*SU(2), with its elements (U, %) €
SU(2) x su(2) parametrisedlj as in reference |150|, according to:

A _sB AA> 9 .
2M0ppZ"° + 07" Z 2B Bl i
UAB(ZH%) = ||Z||||Z” ~A ) EAB(Z7;§) 7})72(‘453) B

(3.158)

This proves that the symplectic reduction of (ﬁA,wA;i A,ch) € T? by the area-
matching and simplicity constraints gives T*SU (2).

"With respect to the literature [53,/185], we have added the dimensional coeflicients of the physical
flux induced from the action.
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Let us conclude this section with two important remarks. The first is the identi-
fication of an Abelian pair of canonically conjugated variables on T*SL(2,C). We

introduce the quantity
Z:=2In <|w||> ) (3.159)

On the constraint hypersurface C = 0 we then find that
{Re(mqw?), 2} = 1. (3.160)
Also, from we know that:
BJ = Re(maw?), thus: {J,B} =471, (3.161)

where we have implicitly extended J to a function on all of phase space T?. This
conjugated pair corresponds to the (oriented) area and the rapidity associated with the
dual face 7. In fact, from (3.3]), the squared area equals

A?[7] == 6% [T)80r] = J2. (3.162)

As for the rapidity, it is defined by the scalar product between the timelike normals
of the two three-cells sharing the face, that is n and n. These are both related to the
identity matrix by the time gauge . The non-trivial information is then carried
by the SO(1,3) holonomy A(h.) between the two, needed to evaluate the scalar product
in the same frame. A short calculation gives

Qa/\(hv)a/gn’g = QAAhyAB}_WABnBB
1 1 BB A —A- —A -
= 30t (whns — xtn) (@7 - 1) =
1 (HWH2 ||wH2)
Y (11 = —ch(2), (3.163)
2\ lwl?  Jlwll?

valid on the constraint surface (3.148)). The rapidity between three-cells describes the
extrinsic curvature in Regge calculus, therefore this Abelian pair captures a scalar part
of the ADM Poisson brackets—we will explain this in the next section.

The second remark concerns the orbits generated by B (as defined in (3.149))). Let
us look on how T*SL(2,C) lies, as a quotient space, inside of T?. From We see
that on the space reduced by C' = 0, that is T*SL(2,C), the independent simplicity
constraints are B = F' = F = 0. Since F' is complex while B is real, these equations
remove five out of twelve dimensions of T*SL(2,C), and thus characterise a seven-
dimensional quotient space embedded in T?. From the previous construction, we know
that six dimensions are spanned by the SU(2) holonomy-flux variables, or equivalently
by the SU(2) spinors reduced by . Since

4

{B,z"Y=0={B,z'}, {BEl= e

(3.164)

the seventh dimension spreads along the orbits of B, every one of which can be
parametrised by the angle Z € R. Accordingly, we denote the constraint surface Tz,
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3.6 From spinors down to Ashtekar—Barbero variables

and Tz ~ T*SU(2) x R. This means that a pair of simple twistors, solutions of the
area-matching and the simplicity constraints, are parametrised by the SU(2) spinors,
plus the rapidity angle.

On Tz, the Lorentz fluxes already coincide with the su(2) Lie algebra elements in-
troduced in (3.158]), providing a discrete counterpart of the continuum equation (3.3).
For the Lorentz holonomy we find, plugging (3.154]) and (3.159) into (3.13|),

1,. - . 1,. — _

heea B = 5| ,_, = (3.165)

{11zl

This is still a completely general SL(2,C) group element. If we now choose the specific
= = 0 section through the orbits of B, it reduces to an SU(2) holonomy, and coincides
with the B-invariant holonomy U (3.158)). The constraint hypersurface T= plays an
important role, because there we can distinguish the reduced Lorentz holonomy
from the SU(2) holonomy . The difference is captured by the orbits of B.

3.6.2 Ashtekar-Barbero holonomy and extrinsic curvature

Consider now the constraint hypersurface T=, and the two holonomies U(z,z) and
hred(z, 2, 2), as defined in and (3.165). While h,.q describes the Lorentzian
parallel transport, we will now show that the SU(2) holonomy U (z, z) equals the holon-
omy of the real-valued Ashtekar—Barbero connection ABE, = T, 4+ K1, (here T,
and K’, are the real and imaginary components of the self-dual SL(2,C) connection
Al =T, +iK",). We will thus prove that

U(z,z2) = Uy == Pexp( - / T+ BK). (3.166)

This identification is very important for the spinfoam formalism, and the understanding
of the relation between covariant and canonical structures. It is needed to match the
boundary states appearing in spinfoam models with the SU(2) spin network states
found from the canonical approach, see e.g. the discussions in [133H135,/186].

To prove , let us first recall (see equation ) that h is a left-handed group
element corresponding to the parallel transport by the left-handed part of the Lorentz
connection, A = I' + iK, where I" represents the intrinsic covariant three-derivative.
This three-derivative defines the SU(2) parallel transport

G, = Pexp( - / rin) e SU(2). (3.167)
Y
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The intrinsic and extrinsic contributions to the holonomies can be disentangled via an
“interaction picture” for the path-ordered exponentialsﬂ

hvaexp<—/F—|—iK> =

Y
1
= G7 Pexp( - iA dt G;(lt)K,y(t) (7)G'y(t)) = G7 VK, (3.168)
U,Y:Pexp<—/F+5K> =
Y
1
= G7 Pexp( - ,3/(; dt G;(%&)K’Y(t) (”y)G,y(t)> = G,y Vfg (3169)

Both holonomies provide maps C? — C? between tilded and untilded spinors, but while
h transports the covariant w?-spinors, U transports the reduced spinors z?. Let us
introduce a short-hand Dirac notation,

A 6AA7_ A 5A/_1—7
="\ =224 jpy=2_ |p=" 24 (3.170)

Izl

The holonomies can be thus characterised as the unique solutions to the equations

0) = eiPHVERRl0) = TJ0),  [1) = eTIFUER(RN) ) = U1, (3.171)

Next, we recall that the source and target generators of the Lorentz algebra are
related via the holonomy, see (3.7)). This relation, together with the simplicity con-
straints, implies that

I = VI = —e (R 1IR)T = —RTII(h~ 1T = ATRII(RTh) L. (3.172)

We see that the simplicity constraints automatically lead to a certain “alignment” be-
tween the holonomy and the generators, that immediately translates into an equation
for the spinors:

(hTh)Apw? = e EwA, (hTh)ApnB = =74, (3.173)

with Z given in (3.159)). Inserting (3.168) in (3.173)), we find

VEIVEI0) = e F0),  ViVi|1) = e*E|1). (3.174)

For small extrinsic curvature, we have that Vx > 0 and VIT( = Vg such that this
eigenvalue equation has just one solution, given bylﬁ

Vi = e =/20)(0] + ¢=/2|1)(1]. (3.175)

“This can be explicitly proven by looking at the defining differential equation for the holonomy,
which admits a unique solution for the initial conditions U,y = 1 = hy(). It is the same type of
equality that appears in the interaction picture used in time-dependent perturbation theory, with "
being the free Hamiltonian, and K the potential.

""The solution is exact if the extrinsic curvature is covariantly constant along the link, i.e.

G;<1t) K. 4y(7)Gy () is t-independent.
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Within the same approximation, we also have
VE = e%52|0)(0] + e =2 1) (). (3.176)

Finally, using the interaction picture in (3.172)), as well as properties (3.175) and
(13.176|), we find

U0y = e*WFHD=/2)0) = GV |0),

. 3.177
U[1) = e TR T = GV, 3470

and since |0) and |1) are a complete basis, this proves the desired result ([3.166]).

The above equation provides a discrete counterpart to A7, = I, + BK’, = A?, +
(B —1i)K',, with = playing the role of the extrinsic curvature. Notice also that from
the linearised form of , and the continuum interpretation of Vi, we deduce

1
=~ /0 ds R (G4 K | (il (3.178)
where R (G)?; € SO(3) is the SU(2) element G in the adjoint representation. That
is, the rapidity approximates the extrinsic curvature smeared over the dual link, pro-
jected down onto the direction n‘[7] normal to the surface. As anticipated earlier, the
canonical pairing between = and the area A[7| nicely describes the scalar part
of the ADM phase space of general relativity, where flux F;* and extrinsic curvature
K', are canonical conjugated [19].

We conclude that the SU(2) spinors z and z obtained from the symplectic reduction
parametrise holonomies and fluxes of the SU(2) Ashtekar—Barbero variables. To prove
this identification, it has been necessary to work on the covariant phase space, or at
least on the constraint hypersurface Tz = T*SU(2) x R, where we could disentangle
extrinsic and intrinsic parts of the SU(2) holonomy. Therefore, to have a full geometric
meaning, the SU(2) variables need to be embedded in T=. This should not come as a
surprise: from the continuum theory we know that one needs to embed the Ashtekar—
Barbero connection into the space of Lorentzian connections in order to distinguish
intrinsic from extrinsic contributions, and that the secondary constraints provide the
embedding.

Let us discuss this in more details. In the continuum theory, the Ashtekar—Barbero
variables, (E, A®) =T 4+ BK), are canonical coordinates on the reduced phase space,
but are well-defined everywhere as functions on the original phase space through equa-
tions ([2.108]) and . Then, solving the secondary constraints gives I' = TI'[E],
and provides a specific embedding (schematically A®) — T[E] + i3~ 1(A®) — T'[E]))
of the SU(2) variables into the original phase space. If one forgets about secondary
constraints, and treats the linear primary constraints as a first-class system, one ends
up with a quotient space of orbits A% = const. intersecting the constraint hypersur-
face transversallyﬂ Then, restoring the secondary constraints provides a non-trivial

“This happens because the Hamiltonian flow of second-class constraints always points away
from the constraint hypersurface. In the notation of chapter |2 the relevant Poisson brackets are
{Ci%(p), AP (q)} = 0, where C;%(p) are the analogue of the linear simplicity constraints for the
continuum theory, as defined in . We thus see that we can use the SU(2) Ashtekar-Barbero
connection to label the orbits of the linear simplicity constraints.
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section, i.e. a gauge-fixing through these orbits, that is an embedding mapping any

pair (E, A®) towards a point (II = %%ﬁglE,A = T'[E] + iK) in the original phase
P

space (remember (2.96) and (2.152])) of the theory. Such treatment of second-class

constraints resonates with the gauge-unfixing ideas |187,|188| recently applied to the

framework of loop quantum gravity in [189.|190].

At the discrete level we do not know the correct representation of the secondary
constraints, but, I think, there are two possibilities.

The first possibility is that we are indeed missing additional secondary constraints.
In this case it is reasonable to assume, that they have the same effect on the constraint
algebra as in the continuum, making B second class. Solving them, which should not
be possible link by link but require the knowledge of the whole graph structure, would
provide a non-trivial sectionlj through the orbits of B. This section is given by
the rapidity as a non-local function Z;(zr,, zr,,...) where for each link (7 is the dual
triangle) the angle =, is determined by spinors z;,, zr,, . .. all over the graph. This idea
can be made explicit with the ubiquitous example of the flat four-simplex. In this case,
the ten lengths of the bones /;, define a metric geometry. Then, all spinors are functions
of these data (modulo gauges), and in particular, for each link, there is a function
= =Z:(ly, ..., ly,) that gives the rapidity in terms of the lengths of the ten bones
{lp, }i=1..10. Hence, on the graph phase space T =L there is a functional dependence
Er (27 21y, - - - ) between the ten dihedral angles and the twenty spinors, which provides
the desired non-trivial section of the bundle T=%. Concerning the explicit form of the
secondary constraints, it has been suggested in [165,171,[191] that they should impose
the shape matching conditions, thus reducing twisted geometries to Regge geometries.

In my opinion, in the light of the results of section [3.5.3] this conjecture cannot be
justified any longer. In the continuum theory, the secondary constraints imply
the vanishing of the three-dimensional torsion two-form. Section [3.5.3|shows that there
is a torsionless spin connection also if the shapes of the triangles do not match across
adjacent tetrahedra. The torsionless equation has therefore nothing to do with the
shape matching conditions. Reversing this argument, we see that we cannot expect the
shape matching conditions to appear as secondary constraints in the Dirac analysis of
the discrete theory.

The second possibility is that there are indeed no secondary constraints missing in
the discrete theory. At first, this statement seems utterly wrong, since we know from
the continuum theory that there are secondary constraints, and without them we do
not get general relativity. Yet it is also true that the distinction between secondary
and primary constraints is only accidentally, and just depends on the chronological
details of the Dirac constraint analysis. Equations of motion that appear as secondary
constraints for some choice of canonical variables may play another role once we go to
a different Hamiltonian formulation.

A large part of this chapter, essentially all of section [3.2] and parts of section [3.3]
and developed a new Hamiltonian formulation underlying spinfoam gravity. Hamil-
tonian mechanics always requires some choice of time. Our choice was very different
from the global time parameter appearing in the usual ADM formulation of general

“The trivial section being = = 0.
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relativity (remember chapter . In fact, our Hamiltonian generated the evolution in
the t-variable parametrising the edges of the simplicial discretisation. Results obtained
from the ADM approach do therefore not easily translate to our framework. And in-
deed, the Hamiltonian that we found preserved the simplicity constraints without the
need of additional secondary constraints. But the distinction between secondary and
primary constraints does not tell us anything by itself. We should better ask: What is
the physical content of the secondary constraints in the continuum, and what do they
mean for the discrete theory?

In the continuum, the physical role of the secondary constraints is clear. They imply
the vanishing of the three-dimensional torsion two-form (remember equations )
In the last section, section [3.5] we studied the role of torsion for the discrete theory. We
found that torsion implies the geometricity of the elementary building blocks:lj If there
is no torsion, all bones in the triangulation close to form triangles, the triangles close
to form tetrahedra, and at each spinfoam vertex five tetrahedra meet and form a four-
simplex. But this is only a local result, it does not imply geometricity across triangles.
In fact, in a twisted geometry the shape of a triangle can change when passing from
one bounding tetrahedron to the next, while torsion still vanishes. This was the result
of section [3.5.3| where we defined the torsionless spin connection for twisted geometries.

The crucial question to be asked is therefore not whether there are secondary con-
straints or not, but rather: Does spinfoam gravity correctly impose the vanishing of
torsion? In section [3.5.2] we have related the vanishing of torsion to the geometricity of
each four-simplex. If we now remember the result of Barrett et al. |[177], that proveam
the geometricity of each spinfoam vertex in the semi-classical limit, this suggests that
spinfoam gravity does indeed correctly impose the vanishing of torsion without missing
any further constraints.

3.7 SUMMARY

The first section, section [3.1] gave a general review. We started with the topological
“BF" -theory in self-dual variables. This action has trivial equations of motion, but it
is important for us because it has the same phase space as general relativity—only the
dynamics is different. In fact, adding constraints that impose the geometricity of the
fluxes brings us back to general relativity. They guarantee the existence of a tetrad 7,
and restrict the two-form field ¥, to be X5 = 14 A 3.

The next step was to study the discretisation of the theory on a simplicial decomposi-
tion of space time. We introduced holonomy-flux variables for the Lorentz group. The
Poisson brackets of the continuum theory induce commutation relations for holonomies
and fluxes. On each link of the discretisation the holonomies and fluxes form, in fact,
the canonical phase space of the cotangent bundle 7*SL(2,C). In this phase space the
momenta II; do not commute , but twistors allow to handle this non-commutativity
while working on a complex vector space with canonical Darboux coordinates. On each

“This was a result of Minkowski’s theorem generalised to Minkowski space, i.e. of section
“The proof is based upon the possibility to uniquely reconstruct a four-simplex out of the fluxes
YaglT] = fT Na A Mg through its triangles. We will repeat this reconstruction theorem in a supplement
attached to this chapter.
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link there are two twistors, one attached to the initial point, the other belonging to the
final point, and together they simultaneously parametrise the holonomy and the flux.

Next, there was section where we studied the dynamics. We first discretised
the topological “BF”-action in terms of holonomies and fluxes. We then took our
spinorial framework to simplify the action. Performing a continuum limit on the edges
of the four-dimensional discretisation we were left with a one-dimensional action for
the spinors on a spinfoam face . Introducing additional Lagrange multipliers we
added the spinorial version of the linear simplicity constraints to the action.

Then we studied the equations of motion for the spinors. We found they can easily
be integrated, the only trouble being the periodic boundary conditions, that imply a
constraint on the holonomy along the loop bounding the spinfoam face, i.e. equation
(3.75). This parallel transport is neither a pure boost, as in Regge calculus, nor a
rotation, but a combination of both, with the Barbero-Immirzi parameter measuring
the relative strength. Nevertheless, there are key similarities with Regge calculus. If
parallel transported along the bounding loop, the flux through the triangle dual to
the spinfoam face is mapped into itself, while the curvature is a function of the
deficit angles between adjacent tetrahedra .

In this model only the Gaufs constraint couples the spinorial variables belonging
to different wedges. One could, of course, think of many more possible interactions
between neighbouring wedges. In fact, additional interaction terms should naturally
arise once we study the continuum limit and go to an ever finer triangulation. Whether
a constraint is of first- or second-class depends, however, on all terms in the action;
adding additional terms could therefore easily spoil our conclusions. So what is the
relevance of this edge dynamics, and why do we not consider all possible interactions
at once? The answer is simple. We are aiming at a general framework for first order
Regge calculus, and on the way towards this goal we try to keep the dynamics on the
elementary building blocks as simple as possible. More general interactions will be
studied once this model is fully understood.

Section [3.5] studied the role of torsion in the discrete theory. We saw, the vanishing
of torsion not only implies the Gauft law for each tetrahedron, but also an additional
constraint (3.101) on each vertex of the simplicial decomposition. This constraint
demands that on every four-simplex the outwardly pointing normals of the bounding
tetrahedra weighted by their volumes sum up to zero. This four-dimensional closure
constraint is fulfilled only once we go to the solution space of all the equations of
motion. In quantum theory this torsional condition thus holds in the weakest possible
way: Only at the saddle point of the spinfoam amplitude [177] we would see the
bounding tetrahedra close to form a four-simplex. We argued that this may be yet
too weak, and that the four-dimensional closure constraint could be imposed
more strongly. We studied the Minkowski theorem in Minkowski space, and saw that
this four-dimensional closure constraint actually suffices to reconstruct a geometric four-
simplex out of the volume weighted four-normals of the bounding tetrahedra. Section
[3:5] concluded with an analysis of the torsionless condition for twisted geometries, and
also gave the reduction from the twistorial phase space down to the original framework
of SU(2) Ashtekar—Barbero variables.

In summary, this chapter introduced a canonical formulation of spinfoam gravity
adapted to a simplicial discretisation of spacetime. This framework should be of general
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interest, as it provides a solid foundation where different models could fruitfully be
compared. An alternative Hamiltonian description for general dynamical systems on
discrete manifolds has been introduced recently by Dittrich and Héhn [192]. In their
model time is discrete, hence difference equations replace the Hamilton equations, while
there is still a notion of canonical momenta, gauge symmetries, first- and second-class
constraints. Our model should be seen as lying in between this theory and the full
continuum limit: The spinors are continuous fields, yet they are not living in spacetime
itself, but are supported only on the edges of the discretisation.

This chapter closes with two supplements. The first supplement studies the holonomy
of the self-dual connection, its functional differential and its variation under deforma-
tions of the underlying path. The last supplement studies a four-simplex bounded
by three spatial tetrahedra. This supplement also reviews the analysis of Barrett, on
how the simplicity constraints guarantee the geometricity of a four-simplex (see refer-
ence [177,[193H195] for further reading).

SUPPLEMENT:
THE HOLONOMY

The holonomy of a connection defines the parallel transport along the manifold. Here,
we restrict ourselves to the complex, i.e. sl(2,C)-valued Ashtekar connection, but we
could easily generalise this supplement to allow for any other local gauge group.

We now say, a spinor ﬁeldlj VA4 on the base manifold ¥ is parallel along X € TS, if
it is covariantly constant in the direction of X, i.e.:

DxVA=X*D, VA = X9,VA + A4, XVE = 0. (3.179)

This definition makes sense, also if we know the spinor V4 only on a one-dimensional
path 7 : [0,1] — X: If VA(t) € C? denotes the spinor at the point (t) € ¥, we say it
is parallel along ~, provided that:

d . .

VA0 = =A%pa| A OVE() = = Ay (3) BV P (D). (3.180)
The initial value VA(t = 0) = V.4 uniquely determines VA(t) for all other ¢ € [0, 1].
Since the differential equation ([3.180)) is linear in V4, the superposition principle holds,
and the map relating V.4 with V4(t) is linear, i.e.:

VA®) = by Al BV, (3.181)

This defines the holonomy h. ;) [A], that provides the parallel translation between the
two endpoints. The holonomy along an oriented path = is, in fact, the unique solution
of the following system of ordinary differential equations:

d :
ETRRI) [A1 B = — A4y (9)  chayw) A B,
to the initial condition: h.—) (A4 B = 05. (3.182)

"A € {0,1}, with V4 taking values in C.
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Notice also that the holonomy is an element of the gauge group SL(2,C), which follows
immediately from eagh?chPp = ecp det h by:

d
= (eanhy[A1 ohy[A1Pp) =0, and Ry g4 = 54, (3.183)

dt
where €4p is the two-dimensional anti-symmetric tensor. We can now iteratively solve
(3.182) by a Dyson series. The resulting expression gives the holonomy as the path-
ordered exponential of the connection:

hyy[A] = Pexp( - [m A) —1- /t dsA(s)+

0

)
t S92
+ / dsz/ ds1A(s2)A(s1) £ ..., with: A(t) = Ay, (). (3.184)
0 0

Elementary properties The holonomy is a functional of the connection, which is a
gauge dependent quantity. So how does the holonomy change under SL(2,C) gauge
transformations? If p;A = g71dg + 7' Ag denotes the gauge transformed connection,
just as in equation ([2.121]) above, we can check that the transformed holonomy

(907~ (t)hy[A] (g 07)(0) (3.185)

solves the defining differential equation with the connection A replaced by p,A. If we
now remember the holonomy as the unique solution of the defining differential equation
(3.182)) we can immediately write down the desired transformation property:

ho@y[Pg Al = (9.0 7) ™ (£ [A] (g ©7)(0). (3.186)

By the very same argument we find the behaviour under diffeomorphisms. If ¢ : ¥ — X
is a diffeomorphism, and ¢* : T7% — T;,l(p)E is the corresponding pull-pack, then the
holonomy transforms as:

by (@7 A] = Py [Al- (3.187)

This also implies that the holonomy does not change under a reparametrisation of the
path ~.

Next, there are the algebraic properties of the holonomy under reorientation and
composition, i.e.

hy-1 =hl", hgea = hgha. (3.188)

Here, we wrote y~! for the oppositely oriented path, explicitly defined by:
A [0,1] = 2T ) = (1 - 1), (3.189)
while the missing definition for glueing two paths o and § meeting at «(0) = 5(1) is:

B(2t),t €0,3),

a2t —1),t e [11]. (3.190)

(aoB)(t) = {

Once again, equations (|3.188|) follow from the holonomy being the unique solution of
its defining differential equation (|3.182]).
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Functional differentials The holonomy is a functional of both the connection and the
underlying path. We can therefore consider two independent functional differentials.
Let us start with the variation of the path, which is more difficult to calculate. We
introduce a smooth one-parameter family {v. : [0,1] 3t + 7:(t) € X}.¢[o,1) of smooth
paths 7., such that ¢ and e span a two-dimensional surface. At each point v.(t) € X
there are now two independent tangent vectors, that we call 4. and §v. respectively.
In a local coordinate system {x*},—123 around -, these vectors look like this:

d d .
Sae(0) = 9 (0), (1) = 42, (3.191)
The two tangent vectors commute, i.e.:
d d dd
Td - dide (3.192)

We are interested in the variation around € = 0, and thus write 6y = dv.—9, and
equally:

d
(Sh’y = digj ezoh,ye(l). (3193)
We take the variation of the defining differential equation (3.182) and get:
d d d . . d
w0 = T (4060 ety = Aveto () 3o e (3.194)

Next, we multiply this equation by h;:( " from the left, and integrate from 0 to 1. A

partial integration yields:

1 d2 d 1 L q d
-1 _1—1 o -1 _
/0 dth, dtdsh%(t) = dsh%(t)‘tzo /o dtdth%(t) de ey =
=h! d h 1dth A 4 h 3.195
=g T Ve (t) vs(t)(%)de vty (3.195)

In the last line we used that hy ) = 61 = 0 and also h;é) =hy lAv(t) (%). Equation

(13.195)) together with (3.194)) yields:

-1 d by d .
h%(l)$h%(1) == 0 dth%(t)g(A%(t)(’Ys))h%(ty (3.196)

Introducing local coordiantes {2*},—1 23 as in (3.191)), we perform a partial integration

and use hv(t) = —Ay ) (¥)hy) and h;é) = h;(lt)AW(t) (%) to arrive at the following:

d 1 d
-1 —1 .
Mo @) = /o dth, ) 4z <(A“ °7e) (t)ﬁ(t))fl%(t)

1
= — /0 dth |, ((AM ° ) (t)%dwg(t) + (OvAu o) (t)57§(t)%‘(t))h%<t) =

1 1
= —h;sl(t)A%(t) (5’7>h% (t) ‘t:O - /0 dth;:(t) ((&/Au ° '76) (t)&yey(t)'yg (t)+
= (90 A 07e) )T ()L () + Ar ) (Fe) As (1) (972) +
=~ A (97) A, (30) ) o) =

1 1
= h Ay (o] - /0 Ath= L (Fup 0 72) (05 (O3 (Dhe, - (3.107)
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In the last line we have introduced the field strength F' = dA + %[A, A] of the self-dual
connection. Setting € = 0, ¢ = 1, and writing h, = h,(;) we can summarise the last
equation by saying:

1
h;léhvp4]::-—h;I/LKU(éy)hV~+44W«n(57“)—-jﬁ dth;éjfy(ﬂ(év,ﬁ)hwﬁ). (3.198)

This gives the infinitesimal change of the holonomy under variations of the underlying
path. Equation plays an important role in loop quantum gravity, for it allows
to approximate the curvature tensor by the holonomy. Consider a small oriented two-
dimensional surface a., that be given in some local coordinate system {x*},—1 23 as
the square (z!,22) € [0,¢] x [0,€]. We can then use (3.198)) to calculate the first non-
vanishing term of the Taylor expansion of the holonomy hg,. around € = 0. It is of
quadratic order in €, such that the first two terms of the Taylor series are:

hoa. =1 + / h;—lﬂquhPﬁq +0(e%), (3.199)
[¢([S{e B

O(e?)

where hy_,q is a family of holonomies connecting the point p = da(0) with the points
q € « in the interior of the plaquette.

The holonomy depends not only on the underlying path but is also a functional of
the connection. We can thus ask for the differential with respect to A’,. Repeating the

steps that have led us to (3.196)) we get:

hfwwmmz—/ﬁm*

, [AJd Ay ) (1) Py 0y [A]- (3.200)

Which is the same as to say:

5

1
W Al = = [t Al (A1 08 (0.0 (3200

This equation contains all the essential informationlj to prove the commutation relations
of the holonomy-flux algebra given in ({3.6]).

SUPPLEMENT:
THE GEOMETRY OF A FOUR-SIMPLEX

In this supplement we are going to explore the geometry of a four-simplex. We will
see the Gauls law and the linear simplicity constraints together imply its geometricity.
Geometricity means that we can introduce a metric compatible with the fluxes, and
speak e.g. about the unique length of the bones bounding the triangles of the four-
simplex. This is the reconstruction, or shape-matching problem.

“A subtlety arises from the delta-function 5<3)(p, ~(t)), which can lead to ill-defined expressions
of the form of fol dtd(t) f(t). Introducing the smearing fol dts(t) f(t) = limeno 5 [_de f; ded(t) f(t)

yields the “natural” value fol dts(t) f(t) = % £(0).

2
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Terminology Before we go into the reconstruction problem, let us first define some
terminology, and get a feeling for how a four-simplex actually looks like (see also figure
3.4). Given its corners X/, ... X e R*, we can view the four-simplex as the set of
points A = {X# € RYX* =30 ;X! 5°° | t; = 1,t; > 0}. There are thus 5x4 = 20
numbers determining a four-simplex. If we now identify any two four-simplices related
by a Poincaré transformation, we see there are only ten of them left: Ten numbers
define a four-simplex up to Poincaré transformations. A four-simplex contains several
sub-simplices (see again figure : There are the corners already introduced above,
and also bones, triangles and tetrahedra. The bones are the geodesic lines connecting
any two of the corners, they are given by the vectors:

b (ij) = XH — X1 (3.202)

Two bones b*(kl) and b*(Im) span an oriented triangle 7;;: If (ijklm) is an even
permutation of (12345), we declare the pair (b*(kl), b*(Im)) to have positive orientation
in 7;;. The triangles 75, 7%, 7y, and 7;;, bound a tetrahedron, we call it T;, and v;
is its volume, while n*(i) denotes its normal. In the following we restrict ourselves
to the case where n#(i) is a future oriented timelike vector, i.e. n#(i)n”(i)n.,, = —1,
n®(i) > 0. Extensions to allow for more general geometries should be sought along
the following lines. We also assume the four-simplex be non-degenerate, which means
that its four-volume V' should not vanish. If {a*},—o .3 are inertial coordinates in
Minkowski space this is the condition that:

1

V=1

!
/A Eapudx® A+ Ada” # 0. (3.203)

Because of their prominent role in loop quantum gravity, we are most interested in
the fluxes through the triangles. We compute them as the integrals:

S (i) = / dae Aday = —Sas(ji). (3.204)

2]

Stoke’s theorem implies for any tetrahedron the fluxes sum up to zero:

Vi: Y Baplij) =0. (3.205)
i

This is nothing but Gauk’s law. If n®(i) denotes the normal of the i-th tetrahedron we
also have the condition:
Vi, j 1 Xap(ij)n®(i) =0, (3.206)

which is the linear simplicity constraint that has appeared at several occasions in our
theory as a reality condition on phase space.

Reconstruction of a four-simplex from fluxes We have thus seen that for every tetra-
hedron bounding a four-simplex, the four fluxes sum up to zero and lie perpendicular to
the tetrahedron’s normal. We now show that the opposite is also true. Given five future
oriented normals n® (i), that span all of R%, and ten bivectors X,5(ij) = —Sqs(ji) sub-
ject to both the Gauk law, i.e. equation , and the linear simplicity constraint,
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3 The discretised theory

Figure 3.4: A four simplex in Minkowski space consists of five corners X1, ..., X5, and
contains several subsimplices. There are ten bones b(ij), ten triangles 7;;,
and five tetrahedra T;.

i.e. equation , implies that there is a four-simplex A, such that the bivectors
Yap(ij) are the fluxes through its triangles and the vectors n®(i) are the normals of
the tetrahedra. The resulting four-simplex is unique up to rigid translations and the
inversion X* — —X* at the origin.

The first step is to realise that equation implies that the fluxes have the
following form:
a(ij)

Yap(ij) = €apun (1)n"(j), (3.207)

sh E'ij

where a(ij) > 0 is the area of the triangle and =j; = =;; € R is the rapidity between
the two adjacent normals, i.e.:

ch =i = —nyu(i)nh (7). (3.208)

Let us now introduce some simplifying abbreviations. First of all we define the three-
dimensional volume elements €,3,,(7) together with the three-metric hqos(i) by setting

Ga,ﬁu(i) = Euaﬁuny(i)a hoz,@(l) = na(z)ng(z) + Nag- (3209)

We can now write the fluxes in the i-th tetrahedron as the spatial pseudo-vectors:

Sa(i) = geuan ()5 (i) (3.210)

The three-dimensional volume v; > 0 of the i-th tetrahedron is the wedge product of
three bounding triangles:

+ gvf — e (0)5° ()P (i) ZH (D). (3.211)

Here, and in everything what follows, we take (ijklm) to be an even permutation of
(12345). The sign of (3.211)) gives the relative orientation of the surfaces. We say, in
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fact, the triple (74, 73, 731) is positively (negatively) oriented in T3, if (3.211)) is positive
(negative). Equation (3.207) brings the volume formula into the form:

a(ij)a(ik)a(il)
sh Eij sh Eik sh Eil '

£ 202 = I (i) (K (1)

212
2 K (3 )

A similar formula exists for the four-volume V' (as defined by (3.203))) of the polytope,
it is:
1
+V = aeaﬂwzaﬂ(zj)zw(lm). (3.213)

The closure constraint guarantees that V' does not change if we would have
used any other pair of triangles. The sign of gives the relative orientation, the
pair (7;;, Tim) has positive orientation from the four-dimensional perspective, if
is positive, otherwise it has negative orientation. If we now substitute for the
fluxes, the volume formula turns into:

a(ij)a(lm)

1
1 s . ) l _wwy)atim) 214
FV 3!6 na(z)nﬁ(])nu( )1 (m) sh=;; sh&,, & )

We combine the formulae for the three- and four-volume, i.e. equations (3.211) and
(13.213)) so as to get the following expression for the rapidity:

ShEZ‘j _% |4
a(ij) — 3ww;

e(ij), e(ij) = signZy;. (3.215)

This implies for the ratio between any two volumina that:

vj _ shZy a(ij)

= i7)e(ik). 3.216
v shZ a(ik:)s(w)g(l ) ( )

So far, we have defined the three-volume of the tetrahedra (3.211) and the four
volume ([3.213)) without actually ever constructing the underlying four-simplex. This
is the only task left. We substitute our solution (3.207]) of the simplicity constraints

(13.206)) into the Gauft law and get:

Vit Y Saslin) = 3 S it () = 0.

hZ;
g jka O
The last identity is the same as to say:
TEIVI S ) TR (3.217)
“—~ shZ;;
Jij#i
With (3.215)) we can write this as:
Vi Jui: Y e(if)ont(j) + pnt (i) = 0. (3.218)
jiji

If we now use our assumption that any quadruple of normals be linearly independent
in R* (i.e. employ the non-degeneracy of the geometry), we find all y; must be propor-
tional to the three-volume v; through a universal sign:

do e {—1,1} : Vi : p; = ov;. (3.219)
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We can then also find a set of numbers ¢; € {—1,1}, (again proven by the non-
degeneracy of the geometry) such that:

e(ij) = oeig;. (3.220)

The numbers ¢; are unique up to a global sign. Equation (3.218)) now simplifies to the
following:

Zewm”(i) =0. (3.221)

This condition is the four-dimensional analogue of Gauk’s law . The Minkowski
theorem in four dimensions, as discussed in section [3.5.2] guarantees that there is a
corresponding four-simplex consisting of five tetrahedra with normals n®(7) and volume
v;. This four-simplex is unique up to rigid translations and the reflection X* — —X#*
at the origin. The discrete ambiguity arises because we have never specified whether
the normals are outwardly oriented or point inside the four-simplex.

We can now compute the fluxes through the triangles of the four-simplex
thus constructed. Do they match those that were our initial data, subject only to the
constraints and ? The answer is yes, and the proof is to actually build
the four-simplex in question.

The first step is to look at the bones. A bone b*(il) connects the i-th corner with the
[-th. From the perspective of the j-th tetrahedron, this bone follows the intersection
of the triangles 7j,, and 7j;. (And (ijklm) be again an even permutation of (12345).)
Inserting our parametrisation of the fluxes, i.e. equation , this means:

V() o €9 ) ) 8) = 5 ) 1) S B (3222

Forming a triangle, the bones must close to zero:
bk (il) 4+ b*(Im) + b (mi) = 0. (3.223)
This suggests the following ansatz for the bone b (il):
) ViUmUk vo ,
b (il) = Aejsmsk]TE“ Py ()na(m)ng (k). (3.224)

Where ) is an overall normalisation yet to be calculated. Equation (3.221)) implies that
for each triangle the bones close to zero. We find the value of A by demanding that
their wedge product gives the fluxes through the triangles:

Salk) = 3 eap ()W @ (Im). (3.225)

This fixes A to the value :l:%, and we can eventually write the bones in terms of the
fluxes as: 5.
(i) = 5 =L e () S (jm) s (). (3.226)
J
This concludes the reconstruction: Picking a point in Minkowski space, we fix one
corner, i.e. we set X1 = 0, and find all the others via b*(ij) = XJH — X!, We can
now also identify the residual gauge symmetries. Moving X/' around we realise the
translational symmetry, while flipping the sign in equation corresponds to the

inversion X! — — X! at the origin.
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Supplement: The geometry of a four-simplex

Concluding remarks The relation with loop gravity is the following. We have not had
metric variables to begin with, but have started from the Plebanski two-form and the
connection smeared over triangles and links. We integrate the Plebanski two-form over
the triangles in the frame of the tetrahedron, obtaining:

Saslry] = / h(p = T)a"h(p = T2)5" 0 (1), (3.227)
PETij

where h(p — T;) € LL is a Lorentz holonomy mapping any point in the triangle 7;;
towards the centre of the tetrahedron T;.

Variables attached to different tetrahedra belong to different frames. If we want
to compare them, we need a map into a common frame. This is the bulk holonomy
gi € LI_ from the centre of the four-simplex (i.e. the vertex) to the centre of the i-th
tetrahedron (i.e. the node). The resulting variables are in one-to-one correspondence
with the fluxes and normals of this supplement, that is:

Yas(id) = (9)"a(9) Euw [Ty na(i) = (gi)"an®(0), (3.228)

where n%(0) = 6, which is the time-gauge condition: In the frame of each tetrahedron
we have chosen a Lorentz gauge aligning its future oriented time-normal with n%(0).

We have thus seen, the Gaufs law together with the linear simplicity constraints
impose the geometricity of the underlying four-simplex. In particular, the length £(ij)
of each bone b#(ij) turns into a unique function of the fluxes (implicitly given by
(3.226])). This function is needed to explore the relation between loop quantum gravity
and classical Regge calculus.
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4

Quantum theory

The last chapter gave a Hamiltonian formulation of the dynamics of spinfoam gravity.

On each edge we have introduced four twistorial fields Z) : [0,1] > ¢t — (ﬁg) (1),

wé)(t)) € T, together with Lagrange multipliers A(;) and ®45(t). These variables
must satisfy certain constraints: the simplicity constraints , the Gauf law ,
together with the boundary conditions needed to close the spinfoam face. The
system has a finite number of degrees of freedom (for each edge, there are four twistor
fields, and a set of Lagrange multipliers), time evolution is governed by a Hamiltonian
(itself constrained to vanish), and the spinors are canonical (Darboux) coordinates
covering all of phase space. These key observations make quantisation rather straight-
forward.

There are two sections in this chapter. First of all, we are going to study the kine-
matical structure for the quantum theory, and solve the quantised constraint equations.
The second part, section concerns the dynamics, and defines the amplitudes for the
case of a manifold without a boundary. This chapter collects results from my recent
publications; it is entirely based upon the articles [151,]152| and in particular [158].

4.1 CANONICAL QUANTISATION AND PHYSICAL STATES

The space of twistors T > Z = (7 5,w?) equipped with the Poisson brackets can
readily be quantised. Taking a Schrédinger representation, the “position” operators oA
and &4 act by multiplication. We thus work on the Hilbert space L?(C?,d*w), with
the canonical SL(2,C)-invariant integration measure:

1
dw = Tﬁ(dWA A dw? A cc.). (4.1)
This Hilbert space is an auxiliary object, introduced just to have the proper arena to
define the constraints. Its elements are non-analytic functions of the w?-spinor. This
becomes important when studying the momentum operator, that acts as a gradient in
C2:

hd _h 9

(Taf)(w) = T&T“f(w)’ (Taf)(w) = 1554 (w). (4.2)
On this Hilbert space the SL(2,C) action
(D(9)f) (W) = f((g~") " pw") (4.3)
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4.1 Canonical quantisation and physical states

is unitary, but reducible. Irreducible subspaces are spanned by distributions, that are
homogenous in the spinors [196/197]. There are two quantum numbers p € R and
ke % labelling the irreducible subspaces H, ). These quantum numbers parametrise
the homogeneity weights according to:

Vz € C— {0}, fOP) € Hppy o [P (2wd) = 7 hmHogth=ltio o R) (04) - (4.4)

This implies the important relations:
O FOR ) = (k= 1) S, (4.50)
A fOR () = (4 — 1+ ip) 1P, (4.5b)

We introduce the canonical quantisation of boosts and rotations:
II;, = —TABiL:JAﬁ'B, ZA-/Z = f[z + he., f(l = —iﬂi + he. (4.6)

Notice no ordering ambiguity is appearing here, simply because the basis elements
745 are traceless 74 4, = 0. We can work with a distributional basis on our auxiliary
Hilbert space L?(C?,d*w), that simultaneously diagonalises Lg, L? = L'L;, together
with the two Casimir operators LiK; and L? — K2 of the Lorentz group. The action

of the Casimirs is in fact:
(L2 — K24+ LK) f00 = —n2(0® — k2 + 1+ 2ipk) f101), (4.7)

which follows from . ) by expressing ILIT in terms of @4%4. Additional quantum
numbers are spins j = 0, % ... and the eigenvalues n = —j, ... j of Ls. The canonical
basis reads explicitly:

2]—1—1

fj(fr;k)(wA) o] 200~ 1)R(])(U Yw™) oo, (4.8)
with
ay_ 1 (WO _“1> SU 4.9)
U(w?) = TR € SU(2), (4.

and R/ (U)™, = (j,m|U|j,n) being the Wigner matrix of the j-th irreducible SU(2)
representation. The basis vectors obey the generalised orthogonality relations

(i) S Do = /@2 d'w fiP @A) £ @) = 728(p = )0t 5By (4.10)

We thus have a direct integral:

L2(C2, d*w) 1/ dpEP M- (4.11)

™
keZ

We are now ready to discuss the quantisation of the constraints. For the Lorentz
invariant part of the reality conditions we have to choose an ordering. We define it
with the momentum and position operators in the following order:

Ai h A 5) _ h _A 8 — h A 8
D_B—i-iw DA ﬁ—i(w 6@A+2> i w —+hc (4.12)
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4 Quantum theory

This operator is diagonal on the homogenous functions. With the action of the Euler
operators (4.5) we get immediately:

2h

A £(pk) _
Plim™ = 237

(0~ Bk + 1) £101. (4.13)

The solution space of this constraint is non-normalisable in L?(C?, d*w), simply because
we cannot integrate the homogenous functions along the rays w?(z) = zw?(0) (with
z € C). We can, however, introduce a surface integral removing this divergence. Take
the Hamiltonian vector field Xp, defined for any scalar function f as Xp[f] = {D, f},
and consider the interior product Xp_id*w. This defines a nondegenerate three-form on
the space of orbits generated by D, that we are using to define an inner product:
2
(e =g [, Eoad) TS (4.14)

To evaluate this integral we need to choose a gauge section, that embeds the three-
dimensional surface C?/D into C2. The inner product is independent of this choice
only if the Lie derivative of the integrand vanishes:

Ly, (d*wff) =0. (4.15)

If both f and f’ are in the kernel of D this condition holds true, and we arrive at a
well defined inner product. In that case, we can deform the integration domain in the
direction of Xp, that is along the orbits generated by D, without changing the value
of the integral. For our basis vectors we get in fact:

2 .
(B(k+1).K) (B +1)K) B +1/ 4\ 2B (B +1).K)
<fjm ) f CQ/D(% pJd ) f fj'm’

>(C2/D o
= 5kk’5jj’5mm’a (4.16)

implicitly showing the integral defines a non-<degenerate inner product on the
kernel of D. We are now left with the remaining F,, = 0 constraint. Knowing the
classical constraint generates an additional su(2) algebra (remember equation (3.68))
it is not hard to see that the operators

Fn:TLAA%A@)A, Fn—FT—n ﬂAwA, (4.17)

act as creation and annihilation operators for the quantum number &, more explicitly:

~ h .

Fo £ = —E\/(J K+ k+ DAY, (4.18a)
[ — _

El i = —ﬁ\/(y R —k+ DY (4.18D)

Here we have chosen time gauge where the normal nAA assumes the form of -
Unless j = 0 = k we cannot find states in the kernel of both F, and its Hermitian
conjugate, which reflects F), is of second class. We proceed with Gupta and Bleuler
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4.1 Canonical quantisation and physical states

[124)/125] and impose only one half of the constraint. The kernel of E, is spanned by
states k = j:

Fnof]p J) 0, (4.19)
while k£ = —j labels the states in the kernel of its Hermitian conjugate:
Bl fie) =o. (4.20)

We can restrict ourselves to only one of these two possibilities. This is motivated as
follows. The quantum number k& is an eigenvalue of the operator 474 + 4&0” — he.,
we have

[04% 4 + 70 — he] £10F) = dink 6. (4.21)

This operator represents the following classical quantity on the solution space of the
simplicity constraints:
2wy — ce. = 4ilJ. (4.22)

Just below equation ([3.53)) we argued that we can always assume J > 0 thereby remov-
ing the discrete symmetry exchanging w and m. If we agree on the constraint J > 0
also in quantum theory we can discard the solution and just work with .
The solution space of the simplicity constraints Hgimpl is then restricted to the kernel

of the operators D and Fno, it is spanned by the basis vectors fj(,i(j 1. ), and we so
have
Hsimplzspan{fj (G+1)9) —0,%,...;m:—j,...,j}. (4.23)

The Gauf constraint is the last remaining constraint to impose. As mentioned in above
we only need to solve the rotational part of the Gaufl law, which appears as a first-class
constraint in our set of constraints (3.64). The canonical quantisation of the classical
constraint becomes the operator

4
Grot=S" L (4.24)
=1
on ®* L2(C?, d*w), with e.g.:
iPV=i,e11a1. (4.25)

The constraint generates rotations leaving invariant the four-normal n,, e.g. for f €

®* L2(C?, d*w):

~

(exp(—1+G*"O") f)(way, - - - way) = fF(Uwy, ..., Uwgy),

. (4.26)
with: U = exp(¢'n) € SU(2).

The kernel of all constraints, the Hilbert space Hppys, is thus given by the SU(2)
invariant part of ® Himpl, that is:

Hphys = (®Hs1mp1)/sv< ). (4.27)
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4 Quantum theory

The general state in this Hilbert space looks like this:

W (w(1), w(2), W(3), W Z Z Z I (g0 da)

MI=—j1 .4 ma=—ja
+1) +1), +1), B(jat1

S >f§féf; P ) s ) fi 7 ), (4.28)

with ™14 (4;. ..., j4) being an intertwiner, which is an element of the spin zero

component of the tensor product of SU(2) representations of spins ji,...,js. The

defining property of an intertwiner is that it be SU(2) invariant:

YU € SU(2 Z Z MMy g RID(U)™,,, -

ni=-—ji na=-—7J4

(4.29)
R(]4) (U)m4n4 — Iml...m4 )

Before we go on to the next section, let us comment on how to relax time gauge. For
any two normals n and n, on the upper hyperboloid nagno‘nﬁ = —1, n% > 0 there is
a proper orthochronous Lorentz transformation that sends one to the other. Let g, be
the corresponding SL(2,C) element such that:

nA4 = gnBAgnBAnOBB. (4.30)

We then also have:
Fy = D(gn) " F, D(gn)- (4.31)

Any vector in the kernel of Fn can be constructed from its preimage in Hgmpi. The
vectors

f(ﬁ(jJrl),j) — D(gn)_lf](,i(jﬂ)’j) (4.32)

Jgm(n)

are in fact an orthonormal basis in the kernel of F,,. More importantly, the constraints

F, and F) all weakly vanish. All matrix elements of F, with respect to states f. m(]rjrl)’] )
and f J, +,1) ) equate to zero:
+1), /) 150\ (B(3+1),5) (BG +1
<f] U f J/(n/) Nee = <fjmjn) 7B, ' >(C2 (4.33)

As before, we are now left to impose the rotational part of the Gaufs constraint. But
we have left time gauge, and the SU(2)-Gauf law becomes boosted to:

G5ty = D(gn) ' Gi"D(gn). (4.34)

The general solution W, of all constraints can thus easily be found from (4.28) by just
performing a unitary transformation:

\I/(n) (W(l), ‘e ,w(4)) = ('D(gn)il\lf) (W(l), cee ,w(4)) = \I/(gnW(l), ce ,gnW(4)). (435)

These states are nothing but the spinorial equivalent of Levine’s projected spin network
states [132}/198].
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4.2 Local Schrodinger equation and spinfoam amplitude

4.2 LOCAL SCHRODINGER EQUATION AND SPINFOAM AMPLITUDE

To begin with, consider only the evolution of the quantum states along a single edge.
As in the classical part of this thesis we can align the time-normal in the middle of the
edge to the canonical choice, that is we go to the time gauge att =1, = %
Classically, the Hamilton function governs the time evolution along an edge. Any
function Oy : T — R on the phase space of a single triangle evolves according to

d

S0 = {(@AB(t)mwB +cc) + A(E)D, Ot}. (4.36)
With ®45(t) again being the self-dual connection contracted with the tangent vector
of the edge, as defined in (3.43]). When going to the quantum theory the Hamiltonian
function becomes an operator defining the Schrodinger equation. With hc. denoting
the Hermitian conjugate of everything preceding it reads

ih%zpt = (®*B(t)Faip + he.) ey + A(t) Dy (4.37)

This is an important intermediate result. The Hamiltonian on the right hand side agrees
with what Bianchi has reported in his thermodynamical considerations of spinfoam
gravity [113]. If we restrict ® to be a boost in the direction orthogonal to the triangle,
we end up with the “boost-Hamiltonian” [108], that becomes the energy of a locally
accelerated observer |72| once we are in the semi-classical regime.

At t =t, we are in the time gauge, physical states are annihilated by Fno, and lie in
the kernel of 15, such that our initial condition becomes

) J ' )
wt:to _ Z Z c]mf](i(]'Fl)vJ). (438)

i=0m=—;

The last part of (4.37)) vanishes on the physical Hilbert space, implying the Hamiltonian
acts as an infinitesimal Lorentz transformation. We have:

(848 40 + he) () = ih(@4 puoP L 4 8408 0y () =
. w O (4.39)
= ihd—g E:Of(exp(gfb)A]ng).

We can thus trivially integrate the Schrodinger equation to find:

Pr(w?) = i Z]: ijf](i(j"'l)’j) (UAB(t, to)w?) = (D(U(to, 1)), ) (w?).  (4.40)

=0 m=—j

Where we have inserted the SL(2,C) holonomy along the edge, introduced in ,
and D is the unitary SL(2, C) action as defined in (4.3)). With the normal parallel along
the edge, hence transported by the holonomy as in , equation implies that
the constraint F;,, = 0 holds weakly for all times, i.e.:

Vf € kern(D),t € [0, N) : (£, Fyuytht) o = 0= (f, pg(t)¢t>@. (4.41)
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4 Quantum theory

Consider now the process where the spinor is “scattered” from t, = l into t1 = %

passing through a vertex. Since we are both at ¢, and ¢; in the canonical gauge ,
we can take as initial and final states

wﬁnal f(/B (4'+1),5’ )’ wigitial f(ﬁ(]""l)v]) (442)

gm

The corresponding transition amplitude is:

(wlnltlal wﬁnal) <f](5(] +1),9) D(U(to, tl))fw(j—i_l)’j) (443)

'm! jm ><c2 /D’
which vanishes unless j = j' due to . With j being the quantisation of J, as
defined in , we see, also in quantum theory, the area of the triangle is preserved
when going around the spinfoam face. This is the quantum theoretical version of the
area-matching constraint £ = 0 introduced in .

We are now going to close the edges to form a loop, obtaining the amplitudeﬂ for a
spinfoam face f. The boundary of the spinfoam face passes through vertices vy, ...,vn
lying between edges {e;}i—1,. v that go from the vertex v;_; towards the i-th. By going
around the spinfoam face we will see N processes of the form of happening. We
write the elementary amplitude for the scattering process at the i-th vertex in
the condensed form of

f(ﬁ J+1),5) D(U(% 2i+1))f(5(j+1):j)

Jmi+1 v 2 Jmg >(C2/D’ (444)

<jmi+1 ‘gemeiﬂ |Jm1> = <

where we used the abbreviations

___source
Gereirn = Gerrr  (

gzlarget) 17 ‘gz?rget U(Z, %)’ g:?urce — U(Z o 17 21'271). (445)

Here ¢ = N + 1 has everywhere to be identified with ¢ = 1. We obtain the amplitude
Zy, i.e. the “partition” function for a spinfoam face f, by summing the product of the
amplitudes for each individual process over the orthonormal basis at the edges,
that is we have to trace over spins j and m;—; n = —J,...,j. The resulting quantity

depends parametrically on the edge holonomies ge, ., as follows:
0o i i N
Z§(9) = Z§(geo,er> - - - > Yen—1.e0) Z Z Z H<jm7;+1|gei7€i+1 ljm;). (4.46)
j=0mi=—j my=—ji=1

This expression gives us the amplitude for a single spinfoam face, and agrees with what
we know from the EPRL model. To arrive at the full amplitude for the discretised
spacetime manifold we have to glue the contributions from the individual spinfoam
faces. We take the product of all Z over all faces f appearing in the two-complex and
integrate over the free gauge parameters left. These are the edge holonomies gi®""*® and
g To ensure local Lorentz invariance [133], this measure must be invariant under
SL(2,C) transformations at the vertices. The simplest choice for such a measure just
takes the SL(2,C) Haar measure dgi°"**® and dgs®* at both the source and target
points of each edge. The resulting spinfoam amplitude for the underlying discretised

manifold is in exact agreement with the EPRL model.

“In quantum mechanics, the analogue of what we are calculating here, is the “partition” function
Z(it) = Tr(e™"*H).
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4.2 Local Schrodinger equation and spinfoam amplitude

Alternatives and ambiguities The most important ambiguity in this construction con-
cerns the glueing of the individual face amplitudes to form the full spinfoam ampli-
tude. Local Lorentz invariance alone does not fix the integration measure for the bulk
holonomies g£®""*® and g8 16 be just a certain power of the Haar measure of S L(2,C).
Indeed, we can easily define a measure which is locally Lorentz invariant but does not
agree with the choices made by the EPRL model.

To this goal, consider first the four-dimensional closure constraint , that we
found in section from discretising the four-dimensional torsion-free condition on a
simplicial complex. For the EPRL model the additional torsional constraint
holds in the weakest possible sense. Only once we go to the semi-classical limit the
bounding tetrahedra close to form a geometric four—simplex.lj If we now want to im-
pose this additional torsional constraint more strongly, we can achieve this by simply
inserting an additional delta function at each spinfoam vertex, and would thus arrive
at the following modification of the EPRL amplitude:

7 = / dgzource/ dg:;arget
H SL(2,C) SL(2,C) Z

e:edges ne€{-1,1} N (447)
[T o (X elTonerinim1*vllT)) T Zs(e).

v:vertices Tev f:faces

Here n®[T] is the normal of the tetrahedron 7 parallel transported into the center of
the four-simplex, 3\751[7'} denotes the quantisation [38}/56| of its volume , e(T) is
the edge dual to T, while [T, 776(7)] gives the orientation of the tetrahedron relative to
the vertex it is seen from. This sign tells us whether the outwardly pointing normal of
the boundary of the four-simplex is future (i.e. € = +1) or past (i.e. € = —1) oriented.

For the sake of completeness let us give the missing definitions for the orientation
e[T,n] and the time-normals n®[T]. Let 7' and T°"® be the same tetrahedron
seen from vertices v'8° and v5°"® and the intermediate edge e(75°"¢) = (T tareet)
be oriented from v5°" towards v'8°. We define the orientation by setting:

s[Tsource’ :|:1] =41, 8[7-‘target7 il] = F1. (448)

The time-normals are given by equation ([3.83)) implying:

i — — _
E(sAA — (géarget) BA (gzarget)BAnBB [7-target]’ (4498,)

i — — _
E(SAA — (g:ource) BA (g:ource) BAnBB [Tsource] ] (449b)
We do not want to give a detailed analysis of the proposed amplitude (4.47)). Let us
just make an immediate observation. This concerns causality. The function ¢ defined
in (4.48) assigns to any tetrahedron a local time orientation, and tells us whether the
outwardly pointing four-normal of a tetrahedron bounding a four-simplex is future
or past oriented—that is, so to say, whether the tetrahedron “enters” or “leaves” the
four-simplex. This would distinguish four-simplices corresponding to 3-1 (1-3) moves

“This follows from the asymptotic analysis of |177] and the possibility to reconstruct a four-simplex
out of its fluxes as shown in the second supplement of chapter @
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4 Quantum theory

from those representing 4-1 (1-4) moves, which could eventually introduce a notion of
causality for spinfoam gravity.

The main lesson from these considerations is not so much that we can define yet
another model, but rather that we are lacking a universal recipe of how to glue the
individual amplitudes together. There are many different models floating around |20,
126},|127,|167,|199], and we are lacking the tools to judge which of them are actually
valuable and worth to investigate more carefully. Studying the semi-classical limit
alone may be too difficult and time consuming. I think, the most powerful guiding
principle towards an unambiguous definition of spinfoam gravity, is to go the other way
around: To start from a classical discretisation of general relativity, find a Hamiltonian
formulation of the discretised theory, and canonically quantise in order to then define
a path integral over trajectories in the phase space of the theory [114].

The results of this thesis achieve this only partially, but yet they clearly support the
EPRL model. We have, in fact, only derived the spinfoam face amplitudes: We could
show that these amplitudes arise from the canonical quantisation of a version of first-
order Regge calculus, with spinors as the elementary configuration variables. What is
missing is a principle that could tell us how to glue the individual amplitudes together,
and I think, the only way to find such a principle is to look for a fully covariant phase
space description. This would require first, to lift the dynamics to an even larger phase
space, where there are also canonical momenta for the time-normals and Lagrange
multipliers appearing in the action . Defining the canonical integration measure
on the reduced phase space of the theory would then lead us to a fully covariant
spinfoam model, which would be unique only up to the notorious ordering ambiguities.
The techniques needed to study this problem have all been developed in the previous
chapters, yet it lies beyond the scope of this thesis to actually complete this task.

4.3 SUMMARY

Let us briefly summarise this chapter. The first part concerned the kinematical struc-
ture. We took the classical phase space of twistors on a half link and followed the
program of canonical quantisation. The classical constraint equations turned into
quantum operators, that define the physical state space of the theory. Solutions of
the first class constraints lie in the kernel of both the Gaufs law and the “diago-
nal” simplicity constraint D . The constraints F,, = 0 = F, (as in ), on the
other hand, cannot be simultaneously diagonalised, for they do not Poisson commute
among another . Instead, they form a system of second-class constraints.
The quantisation proceeds with Gupta and Bleuler. We separated the second class
constraints in two parts, one being the Hermitian conjugate of the other. The first
half annihilates physical states while the Hermitian conjugate maps them to their or-
thogonal complement. We have thus imposed the second class constraints weakly—all
matrix elements between physical states vanish on the physical Hilbert space of
the theory.

The resulting Hilbert space agrees with the Hilbert space of a quantised tetrahedron
as it appears loop gravity [51]. The area matching constraint glues these quan-
tised tetrahedra along the bounding triangles, eventually forming a Hilbert space that
is isomorphic to the space of four-valent SU(2) spin network functions.
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4.8 Summary

The last chapter was about the spinfoam amplitude. Here we only have a partial
result concerning the dynamics on a spinfoam face. We could derive these amplitudes
from the canonical quantisation of a classical action , which is a version of con-
strained “BF”-theory written in terms of spinorial variables. To obtain a complete
spinfoam model, we have to glue these amplitudes together. We discussed ambiguities
in this construction, and argued that only a fully covariant path integral formulation
could lead to an unambiguous definition of the transition amplitudes.
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5

Conclusion

5.1 DISCUSSION OF THE KEY RESULTS

To canonically quantise gravity it is often thought that one first needs to start from a
3+1 split, study the ADM (Arnowitt—Deser—Miser) formulation in the “right” variables,
identify the canonical structure and perform a Schrédinger quantisation. The results
of this thesis question this idea. The ADM formulation is very well adapted to a
continuous spacetime, but in spinfoam gravity we are working with a discretisation of
the manifold, hence lacking that assumption. Instead we have simplices glued together
and should find a Hamiltonian formulation better adapted to the problem.

After the introductory chapters [I] and [2| we found such a Hamiltonian formalism for
the discretised theory. The underlying Hamiltonian generates the time evolution along
the edges of the spinfoam. The corresponding time variable parametrises the edges of
the discretisation, it is nothing but a coordinate, and does not measure duration as
given by a clock.

Our construction started from the topological “ BF”-theory , and took the spino-
rial framework of loop quantum gravity to parametrise the discretised action. This we
did for technical reasons only, spinors do not add anything physically new to the theory.
The key idea was then to perform a limiting process that partially brings us back to the
continuum. We split every wedge into smaller and smaller parts, until we obtained a
continuum action on an edge. Next, we added the simplicity constraints to the action.
The equations of motion allowed for a Hamiltonian formulation. We studied the Dirac
analysis of the constraint algebra. All constraints are preserved in time (i.e. along
the boundary of the spinfoam face) provided the Lagrange multiplier in front of the
second-class constraint F,, = 0 vanishes.

The classical part concluded with a reflection on the role of torsion in a discrete
theory of gravity. We saw, torsion implies the closure of the elementary building blocks
of geometry. The Gauf law for each tetrahedron is one of these closure conditions, but
there is also an additional four-dimensional closure constraint to be fulfilled.
This constraint demands that on every four-simplex the outwardly pointing normals
of the bounding tetrahedra weighted by their volumes sum up to zero. What happens
in three dimensions is also true in four dimensions: The closure constraints guarantee
the geometricity of the elementary building blocks through Minkowski’s reconstruction
theorem, which holds also in Minkowski space. The additional torsional condition
is fulfilled only once we go to the solution space of all the equations of motion. In
quantum theory the four-dimensional closure constraint therefore holds in the weakest
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5.2 Future research interests

possible way: Only at the saddle point of the spinfoam amplitude [177] we would see
the bounding tetrahedra close to form a four-simplex. We argued that this may be yet
too weak, and that the four-dimensional closure constraint could be imposed
more strongly.

In summary, the classical part introduced a canonical formulation of spinfoam gravity
adapted to a simplicial discretisation of spacetime. This framework should be of general
interest, as it provides a solid foundation where different models could fruitfully be
compared.

The last section was about quantum theory. With the Hamiltonian formulation of
the spinfoam dynamics at hand, canonical quantisation was straight-forward. We used
an auxiliary Hilbert space to define the operators. Physical states are in the kernel of
the first-class constraints. The second-class constraints act as ladder operators. One
of them (F},) annihilates physical states, while the other one (F}J{) maps them to their
orthogonal complement, i.e. into the spurious part of the auxiliary Hilbert space. This
is exactly what happens in the Gupta—Bleuler formalism.

Dynamics is determined by the Schrodinger equation. We quantised the classical
Hamiltonian and solved the Schrodinger equation that gives the evolution of the quan-
tum states along the boundary of a spinfoam face. This boundary evolution matched
the Schrédinger equation introduced by Bianchi in the thermodynamical analysis of
spinfoam gravity |113]. Gluing the individual transition amplitudes together, we got
the amplitude for a spinfoam facelj which was in exact agreement with the EPRL
model.

5.2 FUTURE RESEARCH INTERESTS

Generalisation to null hypersurfaces If we replace the time-normal appearing in the
simplicity constraints by a null vector we could define spinfoam models for light-
like tetrahedra. The resulting null spinfoams could lead to a better understanding of
event-horizons, black holes and the causal structure of the quantum theory. In fact, our
spinorial action immediately calls for a generalisation to null hypersurfaces, simply be-
cause a spinor ¢4 defines both a null vector % = /404 and a null-plane X4 o £afp.
First steps towards this generalisation have already been reported by Zhang at the
quadrennial Loops conference [200].

Flatness problem and the relation to GR Spinfoam gravity suffers from the so-called
flatness problem. The analysis of [173-176] shows that the curvature in a spinfoam face
must satisfy an unexpected flatness conditions.

We can see this constraint already at the classical level. The equations of motion
for the spinors imply the geometricity of the four-simplex: Each bone bounding a
triangle has a unique edge length, and all bones close to form a flat four-simplex in
Minkowski space. Each edge is dual to a tetrahedron, and we can ask how the shape

"We can organise the EPRL amplitudes such that each spinfoam vertex contributes through its
vertex amplitude to the total amplitude, while the contribution from the faces looks rather trivial. Here
we do the opposite, and assign non-trivial amplitudes to the spinfoam faces. These are two different
ways to write the same model. Reference |62] gives several equivalent definitions of the amplitudes,
and explains the equivalence.
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5 Conclusion

of a tetrahedron changes once we move along its dual edge and thus go from one
vertex to its neighbouring four-simplex. Looking back at the equations of motion for
the spinors , we can easily show that the Hamiltonian flow preserves the shape
of the triangles. The tetrahedron gets boosted, yet the shape of the triangles in the
frame of the center of the tetrahedron remains unchanged. This means that we are in
a Regge geometry, each bone bounding a triangle has a unique length, from whatever
four-simplex we look aft it.

Once we are in a Regge geometry, the holonomy U# 5 around the spinfoam face must
be a pure boost, in the notation of section this means that:

!

Ulp = +(nw) ™! (e” A +

W 'mp — ¢ A

Twp). (5.1)

Nlul
(Nllu}

Looking back at equation (3.75) this implies the unexpected [173-176| condition:
8= € 2N. (5.2)

Notice that this condition follows from the analysis of the classical theory, and has
therefore nothing to do with the quantum theory itself. Equation raises a problem,
because it does not appear in Regge [64}/172| calculus, and even if we would get rid
of it, it is far from obvious whether the solutions of the equations of motion for the
spinors approximate Ricci flat space times.

That this problem reappears already at the level of the classical action is an important
result, for it suggest not to focus on the quantum theory and its semi-classical limit but
to better understand the classical theory behind spinfoam gravity. I think, carefully
tuning the quantum amplitudes won’t fix the trouble. Instead we should look back at
the classical theory as defined in chapter ] We have shown that the quantisation of
this theory leads to spinfoam gravity, it suffers from the same problems as the quantum
theory, and thus offers an ideal framework to study the issues raised by [173-176]. An
immediate possibility would be to abandon equation , and turn the time-normals
of the tetrahedra into dynamical variables.

Inclusion of matter To aim at a phenomenology of loop quantum gravity [201-203],
strong enough to turn it falsifiable, we need to better understand how matter (our
“rulers” and “clocks”) couples to the theory. Unfortunately, after decades of research,
we still cannot say much about this issue. To overcome this trouble, I can see four
roads to attack the problem, three of which I would like to study by myself:

(i) At first, there is what has been always tried in loop quantum gravity when it
comes to this problem. Take any standard matter described by some Lagrangian, put
in on an irregular lattice corresponding to a spin network state and canonically quantise.
Although this approach was tried for all kinds of matter it led to very little physical
insight. I think it is time to try different strategies.

(ii) The first idea that comes to my mind originates from an old paper by t’ Hooft
[204]. T think it is a logical possibility that loop quantum gravity already contains
a certain form of matter. If we look at the curvature of our models we find it is
concentrated on the two-dimensional surfaces of the spinfoam faces. This curvature
has a non-vanishing Ricci part which we can use (employing Einstein’s equations) to
assign an energy momentum tensor to the spinfoam face. Following this logic one may
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5.2 Future research interests

then be able to reformulate the dynamics of spinfoam gravity as a scattering process
of these two-dimensional worldsheets (that now carry energy-momentum) in a locally
flat ambient space.

(#7i) Loop quantum gravity is a theory of quantised area-angle-variables. 1 think
this suggests not to start from the standard model that couples matter to tetrad (i.e.
length-angle) variables. Instead we should take the fundamental discreteness of loop
quantum gravity seriously, and try to add matter fields to the natural geometrical
structures appearing, e.g. the two-dimensional spinfoam faces. In fact, when looking
at the kinetic term of the action a candidate immediately appears. We could
just replace the commuting (7, w) spinors by anti-commuting Weyl (Majorana) spinors,
yielding a simple coupling of uncharged spin 1/2 particles to a spinfoam.

(iv) The recent understanding of loop quantum gravity in terms of twistors is mir-
rored [205-209] by similar developments in the study of scattering amplitudes of e.g.
N = 4 super Yang-Mills theory . It is tempting to say these results all point towards
the same direction eventually yielding a twistorial framework for all interactions.
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A
Appendices

A.1 THE LORENTZ GROUP

We start by reviewing some basic facts [29,210] of the Lorentz group L and its corre-
sponding Lie algebra. A linear transformation X* +— A*, X" of the inertial coordinates
in four-dimensional Minkowski space is said to be a Lorentz transformation if it leaves
the metric unchanged, that is:

AelL & nw,AuaAVﬂ = Nag- (Al)

This group falls into four disconnected parts, one of which is the subgroup LL of
special (i.e. det(A) > 0) orthochronous transformations (i.e. A% > 0). All elements
of this subgroup are continuously connected to the identity and can be reached by the
exponential map:

1
A%z = exp(w)®p zég—l—wo‘g—i—iwo‘#w“ﬁ—i—.... (A.2)

Time reversal T : (X° X1, X2 X3) — (—X° X' X2 X3) and parity P : (X°,
X1 X2 X3 (X0 —X1 — X2 —X3) relate the remaining, mutually disconnected
parts LT_, Li and L of the Lorentz group among one another. We have Lt = PLT|r7
LY =TL!, and L. = PTLY.

To study the Lie algebra we look at tangent vectors at the identity. If A, is a smooth
one-parameter family of Lorentz transformations passing through the identity at € = 0,
equation implies that the tangent vector

d
po= (AR, A3
why = 2| _ (A (A.3)
is antisymmetric in its lowered indices:
Wyw + Wy = 0. (A.4)

We so have that the Lie algebra of the Lorentz group is nothing but:
Lie(Ll) = 50(1,3) = {0, € R*® (R*)*|wap + wsa = 0}. (A.5)

Let us now choose a basis in the Lie algebra and determine both commutation rela-
tions and structure constants. Consider the matrices M,z defined by explicitly stating
their row (i.e. p) and column (i.e. v) entries:

[Magly : [Mag]™ = 261067, (A.6)
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A.2 Spinors and the Lorentz group

These matrices form a basis, since for any w € s0(1,3) we can trivially write w =
% agwaﬁ . Suppressing the row and column indices of [M,s]*, we compute the com-
mutator and find:

[Mag, M) = 461285 g1, 644 671 Mo, . (A7)
We can now define the generators of boost K; and rotations Lj;:
i .
Lz‘ = §6lilim, Kz = lMio. (A8)

The commutations relations (A.7)) imply for both K; and L; that:
[Li, Lj] = ie;j' Ly, [Li, Kj] = ie;'K;  [K;, Kj] = —iei' L. (A.9)

We see, L; is the generator of rotations leaving invariant the X%-coordinate, K; trans-
forms as a vector under rotations, while the commutator of two infinitesimal boosts
gives an infinitesimal rotation. We can diagonalise this algebra by introducing the
complex generators:

1 _ 1

That obey the commutation relations of two copies of su(2):
[Hz, H]] == iEilel, [ﬁl, 1:[]] == ieijll:[l, [Hu ﬁ]] =0. (All)

Introducing this basis does however not prove that so(1,3) be equal two copies of su(2).
This becomes explicit when studying how a generic Lie algebra element decomposes
into these complex generators. We have

1 S
s0(1,3) > w = §Maﬁwa5 = —illw' — ill;&". (A.12)
Where there appears the complex component vector:

A .
W' = §el’mwlm + iw’,. (A.13)

We close this section by giving the Casimirs of the Lorentz group. In our conventions
we can write them as:

1 . .
Cl = iﬁaﬁuyMaﬁMuu - 2L’LKZ = 4jm(H’LHl)7 (A14a>

1 ) . A
Cy = §MQ5M"‘5 = K;K' — L;L' = —4Re(ILIT"). (A.14b)

A.2 SPINORS AND THE LORENTZ GROUP

The SL(2,C) group is the universal cover of the group L1 of proper orthochronous
Lorentz transformations. We can best understand the intertwining map A relating the
first with the second when studying the vector space of anti—Hermitiaan 2 x 2 matrices.

*Tihat we do not work here with Hermitian matrices but rather use anti-Hermitian elements of
C? ® C? is related to the choice of signature (—, +, 4, +) that we have agreed on earlier.
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Given such a matrix we denote its row indices by roman capitals A, B,C,--- € {0, 1},
while indices referring to the column should carry a macron, i.e. an “overbar” such that
we write A, B,C,--- € {0,1}. The unmarked indices A4, B, C refer to C? and we call
them left-handed, while their brothers A, B,C,... belong to the complex conjugate
vector space C2?, and we call them right-handed or of opposite chirality. The logic
behind this terminology should become clear in a moment. Using this index-notation
we can express the anti-Hermiticity of a matrix X by saying:

XAP is anti-Hermitian < XAB = X48 = _x B4, (A.15)

The soldering matrices

10 0 1 0 —i 1 0
UO_(O 1)’ "1_(1 0>’ U2_<i o)’ "3_<o —1)’ (A-16)

form a basis in the vector space of all Hermitian 2 x 2 matrices. We introduce the
component vector X# € R* of X44 with respect to this basis and set:

xAA = 1 AL xa (A.17)

V2

We can write this more abstractly by equating the component-vector with the matrix
itself. i.e.: .
X4 = xe, (A.18)

The isomorphism (|A.17)) allows us to identify Minkowski indices with pairs of spinorial
idices, for a generic world tensor 7% we can thus write:

While the individual ordering of ordinary (right-handed) indices A, B,C,... and their
left-handed sisters A, B, C matters, the relative ordering has no significance. With our
choice of signature it turns out to be useful to declare the exchange of two adjacent
indices of opposite chirality to result in an overall minus sign, e.g.:

XAA = _xAA, (A.20)

A short moment of reflection reveals now that the determinant of the matrix (A.17)
turns into the Minkowski inner product of its components, for any X#* € R*:

2det(X) = — (X2 + (X1)? + (X?)? + (X3)% = o X2 X7, (A.21)

Let us now understand how Lorentz transformations can act on these spinorial in-
dices. For any element g € SL(2,C) the definition
Vg € SL(2,C) : (A(g)X)"" = gABXBBQAB =gXg' (A.22)

defines a representation of SL(2,C) on the vector space R* formed by the components
X*. This representation defines a linear map

Alg) : R* = RY XF 5 (A(g)X)" = A(g)", X" (A.23)
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A.2 Spinors and the Lorentz group

The component matrix A*, must be a Lorentz transformation. This can be seen by
looking at the Minkowski norm as defined by equation , and noting that the
definition ({A.22) cannot affect this norm simply because the determinant of a product
of matrices equals the product of the determinant of the individual constituents, that
is:

nMVA“aXaAVBXB = 2det(gX¢") = 2det(g) det(X)det(g) =
= 2det(X) = Xp X% (A.24)

Where we used that for any g € SL(2,C) we have, ipso facto, det(g) = 1. Since
holds for all X# € R* we can see A(g) must be a Lorentz transformation.
Since SL(2,C) is simply connected and the map g — A(g) is continuous, we can also
continuously connect the image A*,(g) with the identity §,. Therefore, A(g) must be
a proper orthochronous Lorentz transformation, i.e. an element of LL In fact, A(g)
can cover all of Ll. This can be seen by e.g. studying the corresponding Lie algebras
50(1,3) and sl(2,C), establishing the isomorphism between the two, and recognising
that for both LL and SL(2,C) the exponential map can reach any element of the two
respective groups. The homomorphism A : SL(2,C) — L1 so established is however
not invertible; for every A € Ll there are exactly two elements g,¢" € SL(2,C), equal
up to a sign g = —¢’, that are both mapped towards the same A = A(g) = A(—g). We
thus see, SL(2,C) is the universal cover of the group of proper orthochronous Lorentz
transformation, and thus plays the same role that SU(2) has for SO(3).

Let us now delve more into the structure of C? and its complex conjugate vector
space C2. Complex conjugation of the components relates one with the other:

25, wre et =0 (A.25)

and analogously for the dual vector spaces (C?)*, and (C?)*, the elements of which we
can write as wy and @y respectively. The spinor indices transform under the funda-
mental or defining transformation of SL(2,C), that is just by matrix multiplication:

(gw)? = g pw?. (A.26)

All finite dimensional representations of SL(2,C) are labelled by spins (j,k) € %No
X %NO and can be constructed by simply tensoring the fundamental representation.

2j 2%
Hjx = sym(®C2) ®sym(®@2), (A.27)

where sym denotes total symmetrisation of the respective tensor product. For an
element W € H; . the irreducible group action is simply given by:

(g\l’)AlAszlAQE — gAlBl . gAQjB2ng1 Bl . §A2EB2kWB1.NBQjBL“B2k' (A28)

Comparing this equation with we see Minkwoski vectors belong to the (%, %)
representation of SL(2,C).

We have seen complex conjugation relates C? with @2, what we now need is an object
allowing us to move the A, B,C, ... and A, B, C indices, that is a map from e.g. C?
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to its algebraic dual (C2)*. This should be done respecting the symmetry group in
question. To rise and lower Minkowski indices, we use the metric 7n,, and not any
other non-degenerate two-index tensor, simply because 7, keeps unchanged if going
from one inertial frame to another, while for a generic tensor this would not be true
anymore. We have seen, in e.g. that SL(2,C) linearly acts onto these
indices when performing a Lorentz transformation. But there is an invariant object
for this SL(2,C) action, easily identified as the anti-symmetric e-tensor e4p = €4 by
observing:

Vg € SL(2,C) : ecng®ag’p = det(g)ean = €aB. (A.29)

Since, again, for any g € SL(2,C), det(g) = 1. We define its contravariant version ¢45

by demanding:

c__.BlsB - . — _AB.__AB
=ea” =04, €4p:=¢ap, € :=eAB, (A.30)

GACEB

We can now use the e-tensor to establish the natural isomorphism between C? and its
dual vector space:

C?5wA — wy =egaw? € ((CQ)*, (A.31)
(C*)" 2 wa+— wh = eABup e C2 (A.32)

and equally for the complex conjugate vector space. Here one has to be careful with
index positions, particularly illustrated by the identity:

ﬂAwA = —TFAwA. (A.33)
We finally fix our conventions by choosing the matrix elements of the e-tensor as:
€01 — 1= —€10, €00 — 0= €11 (A34)

That the e-tensor plays the role of a metric is particularly well ilustrated when writing
the Minkowski metric according to (A.19). Equation implies:

Mo = NAABE = €ABEAR- (A.35)

We close this section by studying the Lie algebra of SL(2,C), and giving the relation
to s0(1,3). A possible basis in s[(2,C) is given by the wedge product of the soldering
forms: 1

A AC =
2" Bag = —5% [a9CBa) (A.36)
where 0 74, is nothing but o, 4,, and the anti-symmetrisation has to be taken over
the pair [«, §] of indices only. These matrices obey the commutation relations of the

Lorentz algebra. Suppressing the spinor indices A, B, ... we have in fact:
_ vl v
[Zap, Sy ] = 407,05 1510, 0 Bror - (A.37)

Using this basis we can write the isomorphism induced by (A.2) between so(1,3) and
5[(2,C) by stating:

1
A, :5l(2,C) 3 izaﬁwaﬁ — w”g € s0(1, 3). (A.38)
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A.8 SU(2) spinors and the bra-ket notation

These generators correspond to the self-dual sector of the Lorentz algebra, e.g.
Eaﬁpaﬁuy = Zuu- (A39)

Where we have introduced the self-dual projector

(6% 1 (0% i (6%

Furthermore for any w € so(1, 3) we find that:

1 1 . ) )
§Ea5waﬁ = Ti<§emmwmn + iwﬁ,) =: ;W (A.41)

where 0; = 2i7; are the Pauli spin matrices, and for any w € so(1, 3)

1 ‘
W = iemmwmn + iw', (A.42)

denote its self-dual components (A.13]). Choosing these complex coordinates on sl(2, C),
we can simplify calculations, in fact the commutation relations between the self-dual

generators are nothing but
(75, 75] = €™ Tm. (A.43)

The differential map, that is the push forward A, : sl(2,C) — so(1,3), induces an
isomorphism between the two respective Lie algebras.

Aoy = —11L;, AT = —il:.[z', (A44)

where II; are the self-dual generators as defined by (A.10]).

A.3 SU(2) SPINORS AND THE BRA-KET NOTATION

If we fix a future oriented timelike normal n* we can introduce some important SU(2)
structures. First of all we define a Hermitian metric

We can use this metric to introduce the Hermitian conjugate of a contravariant spinor,
that is a map from C? towards its dual vector space, we define:

Wi = 6,507 (A.46)
We can now also define the Pauli matrices in the frame of the normal:
UABM = —QZABM,,HV. <A47)

These are purely spatial, i.e.:
op,mt = 0. (A.48)

We introduce the induced spatial metric, together with the spatial Levi-Civita tensor:

h;w ="My + Ny EaBp = 5,uaﬁpn'ua <A49>
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and recover the Pauli identity
JAC#JCBH = 5§huv + isuyo‘o’ABa. (A.50)
Important relations are also
ho‘uhBVEAB‘“’ = %50‘“'30‘43#, (A.51)

and
0 pa = haﬁaABﬁdBB, 040 = —haﬂ@gBﬂ(SAA. (A.52)

The last two equations imply the Hermiticity of the Pauli matrices:
UABa = 5AAO'ABQ(SBB. (A.53)

Finally, let us also note, that sometimes a bra-ket notation can also be very useful, a
dictionary is given by the relations:

lw) =w?, (W= wL, W] =wa, |w|= 5AA@A, (A.54)

lwl| = 1/ 4 1034 = (w|w). (A.55)

A.4 UNITARY REPRESENTATIONS

together with

We will give here a short overview over the unitary irreducible representations of the
Lorentz group, key for understanding the EPRL model. Further reading may be found
in [1961197,211].

The representation

SL(2,C)3g:weC?m gw=gipw? (A.56)

of SL(2,C) on C? is already irreducible, but not unitary. The induced representa-
tions on functions f : C?> — C, with the natural L?(C?, d*w) inner product is unitary
though reducible. This immediately follows from the homogeneity and unimodular-
ity of the transformation. Irreducible unitary representations are then built just from
homogenous functions on C2.

For the principle series, the weights of homogeneity are parametrised by a half integer
2k € Z and some p € R. That is we are dealing with functions

YA # 0, w? e C2— {0} : fOw?) = ATFIHex+h=ldo g4y (A.57)

From this formula we can easily see that if the pair (p, k) labels an irreducible uni-
tary representation, its complex conjugate representation is labelled by (—p, —k). A
canonical basis in this infinite-dimensional space is given by the following functions,

]7m

27+1 ; j
f(/%k) _ ]: [w][20=D ROD(U~H(w))F,, (A.58)
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where j > k and m = —j,...,j, and

, , O o
RO = Goml OO ), o UG = o (475 esu, 4

are the entries of the spin-j Wigner matrix for the SU(2) element U(w) constructed
from the spinor. The basis elements (A.58) diagonalise a complete set of commuting
operators:

(L2 = RA 100 = (62 = 2 =), LR = —kpff?, (A60a)
i =G+, Lafynd = mih), (A.60D)

where EZ and IA(Z are the quantisation of the generators introduced in 1)

It is quite convenient to introduce a multi-index notation to group the pair (j,m)
into a single index pu. We will also use the notation fi to keep track of the complex
conjugate representation, and use Einstein’s summation convention for the p indices.
With our choices, the matrix representation of the group is the right action, defined
according to:

(D(g) f{P*) (™)« = £ (71 pw®) = fiPP (—wPgp?) =
= DR (g)7 f1PR) (w?). (A.61)

Since the representation is unitary, it admits an SL(2,C)-invariant Hermitian inner
product. This is defined as a surface integral on PC? C (CQD

i

(FPPIPP) = 5 /P L wade Aagd@ D @) FD @) = 0, (A62)

its value being independent of the way PC? is embedded into C? thanks to the homo-
geneity of the integrand.

The SL(2,C) group locally represents the group of special orthochronous transfor-
mations. To recover the full Lorentz group we also need parity

(PFPRY () = £ (545 ), (A.63)
and time reversal -
(TFPR) (@) = €aud® £ (5440 5), (A.64)

both of which have recently gained [212] some interest in LQG. From (A.57) we can
realise parity and time reversal map the irreducible unitary representation of labels
(p, k) to those of (p,—k) and (—p, k) respectively.

In each representation space there are two invariants, the first one is the Hermitian
inner product introduced in above, the second one is the e-invariant

k—i i )
[f(p’k){flgp’k)> = lp/wAde/\wAde/\WAdﬂA/\ﬂAdﬂA
: dm - Jpcax pe2

(mawY e (7 ) TR f;f’@ () fPR) () = €. (A.65)

“Because of the homogeneity, integrating over all of C? would lead to divergences.
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Its matrix elements are

Nk+1-ip)T(G+1+1p)

I(k+1+ip)T(j+1—ip)’ (A.66)

k—m
€(3,m)(5"m’) = (_1) 5j,j’5m,fm’

where Euler’s I' function appears. Though infinite dimensional, each of the invariants
comes with an inverse, and

Wam = o = ,y, M = VA,

5,uozéyﬂ aﬁ? M = (_1)2k€1/,u.. (A67)

Thanks to the completeness of the basis, (A.65)) and (A.62)) imply for each irreducible
subspace (p, k) a relation between the ket and its dual,

™

ul = =

eu,,é”a(fa] (A.68)
Since both 6“7 and €, are invariant this map commutes with the group action, and im-
plicitly shows the representation labelled by (p, k) is unitarily equivalent to its complex
conjugate, that is the (—p, —k) representation.

The map allows us to relate the bilinear invariant to the Hermitian
inner product (A.62)). The dual vector can be obtained also by Fourier transform, up
to a phase. In fact, we have

(,k) ,_1 4 17rw7cc ,) _
7w s = 5 [ dtweme e g0 )

- e—mkEEZ = ;z; et fP) (). (A.69)
This defines an antilinear map from the (p, k) representation towards itself, whereas
complex conjugation maps the (p, k) towards the (—p, —k) representation, implicitly
showing that (p, k) and (—p, —k) are unitarily equivalent. To proof this formula one
proceeds as follows: First, thanks to the SL(2,C) invariance of the integral, one can
realise the left hand side equals the right hand side up to a constant. This constant
can only depend on the labels p and k. Next, one shows, this constant has unit norm.
Calculating the integral for the states of spin labels k = j = m, eventually gives the
phase appearing in (A.69)).

A.5 SYMBOLS AND CONVENTIONS

Index conventions

a,b,c,... abstract indices in four(three)-dimensional (co)tangent-space
a, 3,7, ... abstract indices in four-dimensional (internal) Minkowski space
i,j,k,... abstract indices in three-dimensional (internal) Euclidean space
A, B,C, ... spinor indices transforming under the fundamental representa-
tion of SL(2,C)
A,B,C, ... spinor indices transforming under the complex conjugate rep-

resentation of SL(2,C)
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Symmetrisations
w[al.-.aN] ‘e

w(al...aN) e

Constants

c...
G...
AL
h...
lp ...

8...

Special tensors

Nag - - -

Eafuv - - -

(o )s TV ...

gab - - -
R - -

Ng « -

(na), N% - - -

(€,%), €'g. ..

Relations

%

?
!

Differential calculus
X w...

9O &

MRS

A.5 Symbols and conventions

anti-symmetrisation defined as: wi,, . qy] =

= % ZTI’GSN Sign(ﬂ—)waﬂ—(l)...aﬂ.u\/)

symmetrisation defined as: Wy, ay) =

1
N1 Zﬂ'ES[\] Wa(1y...a.(N)

speed of light

Newton’s constant
cosmological constant
reduced Planck’s constant

reduced Planck lenght fp = 8whG

3

Barbero—Immizi parameter

internal Minkowski metric, n = diag(—1,1,1,1)
internal Levi-Civita tensor, €y1o3 = 1

(inverse) Levi-Civita density

spacetime metric

induced metric on a spatial slice 3¢

future oriented normal to >;

(co)tetrad

(co)triad

. “approximately”, or “equal up to terms constrained to vanish”

. “to be identified term by term”, “difference only in notation”,

“isomorphic”

. “to be checked”

. “required”

interior product of a vector field X with a p-form w:
(X1aw)(Xa,..., Xp) =w(Xy,..., X))

; ; v _ 1 QI ... QN1
. exterior derivative: dw = N!8[a1wa2,_,aN+1]dx A A dx®N+

. covariant exterior SO(1, 3) derivative in four dimensions: DV® =

AV + w3 AVP (W is the connection)

. metric compatible Levi-Civita derivative in four dimensions
. metric compatible Levi-Civita derivative in three dimensions
. projection of D onto a spatial slice

. four-dimensional Lie-derivative

. three-dimensional Lie-derivative
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5 6 . . .
SAp) L) functional derivatives

d,d... functional differentials
Abbreviations

ADM... referring to the 3-+1 split of general relativity due to
Arnowitt, Deser and Misner

BC... boundary conditions

GR ... general relativity

EH ... Einstein Hilbert
EOM... equations of motion

EPRL... referring to the Engle-Pereira—Rovelli-Livine
spinfoam model

LQG... loop quantum gravity
QG... quantum gravity
cc. ... the complex conjugate of everything preceding
hc.... the Hermitian conjugate of everything preceding

(a <> b)... the preceding term with just a and b exchanged
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Figure A.1: Left: The building blocks of a simplicial decomposition of four-dimensional space-
time, right: the corresponding elements of the dual complex.

SUOUAU0D PUD S)OQUIRG ¢}



B
Bibliography

(1]

2]

13l

4]

[5]

[6]

17l

18]

19]

[10]

[11]

[12]

[13]

[14]

[15]

150

A. Ashtekar, M. Bojowald, and J. Lewandowski, “Mathematical structure of loop
quantum cosmology,” Advances in Theoretical and Mathematical Physics 7 (2003),
no. 1, 233-268, arXiv:gr-qc/0304074v4.

C. Rovelli, “Relational Quantum Mechanics,” International Journal of Theoretical
Physics 35 (1996) 1637, |arXiv:quantph/9609002.

A. Zeilinger, “A Foundational Principle for Quantum Mechanics,” Foundations of
Physics 29 (1999) 631-643.

C. Brukner and A. Zeilinger, “Malus’ Law and Quantum Information,” Acta Physica
Slovaca 49 (1999), no. 4, 647652, [arXiv:0805.3419.

C. Rovelli, Quantum Gravity. Cambridge University Press, Cambridge, November,
2008.

R. M. Wald, Quantum Field Theory in Curved Spacetime and Black Hole
Thermodynamics. The University of Chicago Press, Chicago, 1994.

S. Hollands and R. M. Wald, “Quantum field theory in curved spacetime, the operator
product expansion, and dark energy,” General Relativity and Gravitation 40 (2008)
2051-2059, arXiv:0805.3419.

R. M. Wald, General Relativity. The University of Chicago Press, Chicago, London,
1984.

S. Weinberg, Ultraviolet divergences in quantum theories of gravitation, ch. 16,
pp- 790-831. Cambridge University Press, 1979.

R. P. Feynman, F. B. Morinigo, and W. G. Wagner, Feynman Lectures On Gravitation.
Westview Press, 1995.

K. Stelle, “Renormalization of Higher Derivative Quantum Gravity,” Phys.Rev. D16
(1977) 953-969.

S. Deser, “Infinities in quantum gravities,” Annalen Phys. 9 (2000) 299-307,
arXiv:gr-qc/9911073.

M. Kaku, “Quantization of Conformal Gravity: Another approach to the
renormalization of gravity,” Nucl. Phys. B203 (1982) 285.

M. Green, J. Schwarz, and E. Witten, Superstring Theory: Volume 1, Introduction.
Cambridge University Press, 1988.

M. Green, J. Schwarz, and E. Witten, Superstring Theory: Volume 2, Loop Amplitudes,
Anomalies and Phenomenology. Cambridge University Press, 1987.


http://arXiv.org/abs/gr-qc/0304074v4
http://arXiv.org/abs/quantph/9609002
http://arXiv.org/abs/0805.3419
http://arXiv.org/abs/0805.3419
http://arXiv.org/abs/gr-qc/9911073

[16]
[17]

[18]
[19]

[20]
[21)
[22]
23]
[24]
[25)
126]
[27]

28]

[29]
[30]
[31]
[32]
[33]

[34]
[35]

[36]

137]

B Bibliography

J. Polchinski, String Theory: Volume 1, An introduction to the bosonic string.
Cambridge University Press, 1998.

J. Polchinski, String Theory: Volume 2, Superstring Theory and Beyond. Cambridge
University Press, 2005.

A. Ashtekar, Lectures on Non-Pertubative Canonical Gravity. World Scientific, 1991.

T. Thiemann, Modern Canonical Quantum General Relativity. Cambridge University
Press, Cambridge, November, 2008.

A. Perez, “The Spin Foam Approach to Quantum Gravity,” Living Rev.Rel. 16 (2013)
3, larXiv:1205.2019

A. Perez, “Spin foam models for quantum gravity,” Class. Quantum Grav. 20 (2003)
R43-R104, arXiv:gr-qc/0301113,

R. Williams, Approaches to Quantum Gravity, ch. Quantum Regge Calculus. In
Oriti [35], 2009.

R. Loll, “Discrete approaches to quantum gravity in four-dimensions,” Living Rev.Rel.
1 (1998) 13, arXiv:gr-qc/9805049.

J. Ambjorn, J. Jurkiewicz, and R. Loll, “Dynamically triangulating Lorentzian
quantum gravity,” Nuclear Physics B 610 (2001) 347 382, arXiv:hep-th/0105267.

J. Ambjorn, J. Jurkiewicz, and R. Loll, “Emergence of a 4D world from causal
quantum gravity,” Physical Review Letters 93 (2004) 131301, arXiv:hep-th/0404156.

M. Niedermaier and M. Reuter, “The Asymptotic Safety Scenario in Quantum
Gravity,” Living Reviews in Relativity 9 (2006).

P. Hofava, “Quantum Gravity at a Lifshitz Point,” Phys. Rev. D 79 (2009) 084008,
arXiv:3775v2.

A. Chamseddine and A. Connes, “Noncommutative Geometry as a Framework for
Unification of all Fundamental Interactions including Gravity. Part 1,” Fortschritte der
Physik 58 (2010) 553 600, arXiv:1004.0464.

R. Penrose and W. Rindler, Spinors and Space-Time, vol. 1. Cambridge University
Press, Cambridge, 1984.

R. Penrose and W. Rindler, Spinors and Space-Time, vol. 2. Cambridge University
Press, Cambridge, 1986.

R. Penrose and M. A. H. MacCallum, “Twistor theory: An approach to the
quantization of fields and space-time,” Phys. Rept. 6 (1972) 241-316.

R. Penrose, “Twistor quantization and curved space-time,” Int. J. Theor. Phys. 1
(1968) 61-99.

E. Verlinde, “On the origin of gravity and the laws of Newton,” Journal of High Energy
Physics 1104 1-27, |larXiv:1001.0785.

C. Kiefer, Quantum Gravity. Cambridge University Press, Cambridge, 2005.

D. Oriti, ed., Approaches to Quantum Gravity. Cambridge University Press,
Cambridge, 2009.

J. D. Bekenstein, “The quantum mass spectrum of the Kerr black hole,” Lett. Nuovo
Cim. 11 (1974) 467.

J. D. Bekenstein and V. F. Mukhanov, “Spectroscopy of the quantum black hole,”
Phys. Lett. B360 (1995) 7-12, larXiv:gr-qc/9505012.

151


http://arXiv.org/abs/1205.2019
http://arXiv.org/abs/gr-qc/0301113
http://arXiv.org/abs/gr-qc/9805049
http://arXiv.org/abs/hep-th/0105267
http://arXiv.org/abs/hep-th/0404156
http://arXiv.org/abs/3775v2
http://arXiv.org/abs/1004.0464
http://arXiv.org/abs/1001.0785
http://arXiv.org/abs/gr-qc/9505012

B Bibliography

[38]
[39]
[40]

[41]

[42]

[43]
[44]
[45]

[46]
[47]

(48]

[49]

[50]
[51]
[52]
53]
[54]
[55]

[56]

[57]

152

C. Rovelli and L. Smolin, “Discreteness of area and volume in quantum gravity,”
Nuclear Physics B 442 (1995), no. 3, 593 — 619, arXiv:gr-qc/9411005.

A. Ashtekar and J. Lewandowski, “Quantum theory of geometry. 1: Area operators,”
Class. Quant. Grav. 14 (1997) A55-A82, arXiv:gr-qc/9602046.

A. Ashtekar and J. Lewandowski, “Background independent quantum gravity: a status
report,” Class. Quantum Grav. 21 (2004), no. 15, R53-R152, [arXiv:gr-qc/0404018v2.

A. Ashtekar, A. Corichi, and J. A. Zapata, “Quantum theory of geometry: III.
Non-commutativity of Riemannian structures ,” Class. Quantum Grav. 15 (2006),
no. 10, 29552972, arXiv:gr-qc/9806041.

T. Thiemann, “Quantum spin dynamics (QSD): VII. Symplectic structure and
continuum lattice formulations of gauge field theories,” Class. Quantum Grav. 18
(2001), no. 17, 3293-3338, larXiv:hep-th/0005232.

A. Ashtekar, “New Variables for Classical and Quantum Gravity,” Phys. Rev. Lett. 57
(November, 1986) 2244-2247.

J. F. Barbero G., “Real Ashtekar variables for Lorentzian signature space times,”
Phys.Rev. D51 (1995) 5507-5510, |arXiv:gr-qc/9410014.

G. Immirzi, “Real and complex connections for canonical gravity,” Class. Quant. Grav.
14 (1997) L177-L181, arXiv:gr-qc/9612030.

E. Bianchi, “Loop Quantum Gravity a la Aharonov-Bohm,” |arXiv:0907.4388.

E. Bianchi, “Loop Quantum Gravity.” wwnpqft.inln.cnrs.fr/pdf/Bianchi.pdf,
2010. Winter Workshop on Non-Perturbative QFT, Sophia-Antipolis.

L. Freidel, M. Geiller, and J. Ziprick, “Continuous formulation of the Loop Quantum
Gravity phase space,” Class. Quant. Grav. 30 (2013) 085013, larXiv:1110.4833.

J. Lewandowski, A. Okolow, H. Sahlmann, and T. Thiemann, “Uniqueness of
diffeomorphism invariant states on holonomy-flux algebras,” Commun.Math.Phys. 267
(2006) 703-733, arXiv:gr-qc/0504147.

R. Penrose, Angular momentum: an approach to combinatorical space-time,
pp- 151-180. Cambridge University Press, 1971.

E. Bianchi, P. Doné, and S. Speziale, “Polyhedra in loop quantum gravity,” Phys. Rev.
D 83 (Feb, 2011) 044035, |arXiv:1009.3402.

E. Bianchi and H. M. Haggard, “Discreteness of the volume of space from
Bohr-Sommerfeld quantization,” Phys. Rev.Lett. 107 (2011) 011301, arXiv:1102.5439.

C. Rovelli and S. Speziale, “Geometry of loop quantum gravity on a graph,” Phys. Rev.
D 82 (Aug, 2010) 044018, arXiv:1005.2927.

L. Freidel and S. Speziale, “Twisted geometries: A geometric parametrization of SU(2)
phase space,” Phys. Rev. D 82 (Oct, 2010) 084040, arXiv:1001.2748.

A. Barbieri, “Quantum tetrahedra and simplicial spin networks,” Nucl. Phys. B518
(1998) 714-728, larXiv:gr-qc/9707010.

A. Ashtekar and J. Lewandowski, “Quantum Theory of Geometry II: Volume
operators,” Advances in Mathematical and Theoretical Physics 1 (1997) 388-429,
arXiv:gr-qc/9711031l

S. A. Major, “Operators for quantized directions,” Class. Quantum Grav. 16 (Oct.,
1999) 38593877, arXiv:gr-qc/9905019.


http://arXiv.org/abs/gr-qc/9411005
http://arXiv.org/abs/gr-qc/9602046
http://arXiv.org/abs/gr-qc/0404018v2
http://arXiv.org/abs/gr-qc/9806041
http://arXiv.org/abs/hep-th/0005232
http://arXiv.org/abs/gr-qc/9410014
http://arXiv.org/abs/gr-qc/9612030
http://arXiv.org/abs/0907.4388
 http://wwnpqft.inln.cnrs.fr/pdf/Bianchi.pdf
http://arXiv.org/abs/1110.4833
http://arXiv.org/abs/gr-qc/0504147
http://arXiv.org/abs/{1009.3402}
http://arXiv.org/abs/1102.5439
http://arXiv.org/abs/1005.2927
http://arXiv.org/abs/1001.2748
http://arXiv.org/abs/gr-qc/9707010
http://arXiv.org/abs/gr-qc/9711031
http://arXiv.org/abs/gr-qc/9905019

[58]
[59]
[60]
[61]

[62]
[63]

[64]
[65]

[66]
[67]
[68]
[69]

[70]

[71]

[72]

73]

[74]

[75]

[76]

[77]

78]

B Bibliography

T. Thiemann, “A Length operator for canonical quantum gravity,” J.Math. Phys. 39
(1998) 3372-3392, |arXiv:gr-qc/9606092.

E. Bianchi, “The Length operator in Loop Quantum Gravity,” Nucl. Phys. B80T (2009)
591-624, |arXiv:0806.4710.

P. A. M. Dirac, Lectures on Quantum Mechanics. Belfer Graduate School of Science
Monographs Series, 1964.

B. S. DeWitt, “Quantum Theory of Gravity. 1. The Canonical Theory,” Phys.Rev. 160
(1967) 1113-1148.

C. Rovelli, “Zakopane lectures on loop gravity,” arXiv:1102.3660.

J. Hartle and S. Hawking, “Wave Function of the Universe,” Phys.Rev. D28 (1983)
2960-2975.

T. Regge, “General relativity without coordiantes,” Nuovo Cim. 19 (1961) 558-571.

S. Holst, “Barbero’s Hamiltonian derived from a generalized Hilbert-Palatini action,”
Phys. Rev. D 53 (November, 1996) 5966-5969, arXiv:gr-qc/9511026.

G. W. Gibbons and S. W. Hawking, “Action integrals and partition functions in
quantum gravity,” Phys. Rev. D 15 (May, 1977) 2752-2756.

J. W. York, “Role of Conformal Three-Geometry in the Dynamics of Gravitation,”
Phys. Rev. Lett 28 (1972) 1082-1085.

Y. N. Obukhov, “The Palatini principle for manifold with boundary,” Class. Quantum
Grav. 4 (1987), no. 5,.

G. Hayward, “Gravitational action for spacetimes with nonsmooth boundaries,” Phys.
Rev. D 47 (Apr, 1993) 3275-3280.

S. Hawking and C. Hunter, “The Gravitational Hamiltonian in the presence of
nonorthogonal boundaries,” Class. Quant. Grav. 13 (1996) 2735-2752,
arXiv:gr-qc/9603050.

J. Brown, S. Lau, and J. York, “Action and Energy of the Gravitational Field,” Annals
of Physics 297 (2002), no. 2, 175 — 218, larXiv:gr-qc/0010024.

E. Frodden, A. Ghosh, and A. Perez, “Quasilocal first law for black hole
thermodynamics,” Phys. Rev. D 87 (Jun, 2013) 121503.

A. Ghosh and A. Perez, “Black Hole Entropy and Isolated Horizons Thermodynamics,”
Phys. Rev. Lett. 107 (Dec, 2011) 241301, arXiv:1107.1320.

R. Arnowitt, S. Deser, and C. Misner, The dynamics of general relativity, ch. 7,
pp. 227-264. Wiley, New York, 1962. arXiv:gr-qc/0405109v1.

E. Witten, “A Simple Proof of the Positive Energy Theorem,” Commun.Math.Phys. 80
(1981) 381.

A. Ashtekar and G. T. Horowitz, “Phase space of general relativity revisited: A
canonical choice of time and simplification of the Hamiltonian ,” Journal of
Mathematical Physics 25 (1984) 1473 (8 pages).

R. Arnowitt, S. Deser, and C. W. Misner, “Coordinate Invariance and Energy
Expressions in General Relativity,” Phys. Rev. 122 (May, 1961) 997-1006.

T. Regge and C. Teitelboim, “Role of surface integrals in the Hamiltonian formulation
of general relativity,” Annals of Physics 88 (1974), no. 1, 286 — 318.

153


http://arXiv.org/abs/gr-qc/9606092
http://arXiv.org/abs/0806.4710
http://arXiv.org/abs/1102.3660
http://arXiv.org/abs/gr-qc/9511026
http://arXiv.org/abs/gr-qc/9603050
http://arXiv.org/abs/gr-qc/0010024
http://arXiv.org/abs/1107.1320
http://arXiv.org/abs/gr-qc/0405109v1

B Bibliography

[79]
(80]
[81]
(82]
[83]
[84]
[85]
[86]

[87]
[88]

[89)]
[90]
[91]
92]
93]
94]
195]
[96]
97]

98]

99]

154

R. Schon and S.-T. Yau, “On the Proof of the positive mass conjecture in general
relativity,” Commun.Math.Phys. 65 (1979) 45-76.

H. Kodama, “Holomorphic wave function of the Universe,” Phys. Rev. D 42 (Oct, 1990)
2548-2565.

H. Kodama, “Specialization of Ashtekar’s Formalism to Bianchi Cosmology,”
Prog. Theor. Phys. 80 (1988) 1024.

L. Freidel and L. Smolin, “The linearization of the Kodama state,” Class. Quant. Grav.
21 (2004) 3831, arXiv:hep-th/0310224!

L. Smolin, “Linking topological quantum field theory and nonperturbative quantum
gravity,” J.Math.Phys. 36 (1995) 6417-6455, |arXiv:gr-qc/9505028.

L. Smolin, “A Holographic formulation of quantum general relativity,” Phys.Rev. D61
(2000) 084007, arXiv:hep-th/9808191.

Y. Ling and L. Smolin, “Holographic formulation of quantum supergravity,” Phys.Rev.
D63 (2001) 064010, |arXiv:hep-th/0009018.

A. Randono, “A Generalization of the Kodama State for Arbitrary Values of the
Immirzi Parameter.” 2005.

A. Randono, “Generalizing the Kodama State I: Construction.” 2006.

A. Randono, “Generalizing the Kodama State II: Properties and Physical
Interpretation.” 2006.

L. Smolin and C. Soo, “The Chern-Simons invariant as the natural time variable for
classical and quantum cosmology,” Nucl. Phys. B 449 (1995) 289-314,
arXiv:gr-qc/9405015.

E. Witten, “A Note On The Chern-Simons And Kodama Wavefunctions.” 2003.

L. Smolin, “Linking topological quantum field theory and nonperturbative quantum
gravity,” J.Math.Phys. 36 (1995) 6417-6455, |arXiv:gr-qc/9505028.

H. Muxin, “Cosmological Constant in LQG Vertex Amplitude,” Draft & private
communication (2010) larXiv:1105.2212.

M. Han, “4-dimensional Spin-foam Model with Quantum Lorentz Group,” J.Math.Phys.
52 (2011) 072501, arXiv:1012.4216.

W. J. Fairbairn and C. Meusburger, “Quantum deformation of two four-dimensional
spin foam models,” J.Math.Phys. 53 (2012) 022501, arXiv:1012.4784.

W. M. Wieland, “Complex Ashtekar variables, the Kodama state and spinfoam
gravity,” larXiv:1105.2330.

R. Hojman, C. Mukku, and W. A. Sayed, “Parity violation in metric-torsion theories of
gravitation,” Phys. Rev. D 22 (Oct, 1980) 1915-1921.

J. D. Brown and K. V. Kuchar, “Dust as a standard of space and time in canonical
quantum gravity,” Phys.Rev. D51 (1995) 5600-5629, arXiv:gr-qc/9409001.

K. Giesel, S. Hofmann, T. Thiemann, and O. Winkler, “Manifestly Gauge-Invariant
General Relativistic Perturbation Theory. I. Foundations,” Class. Quant. Grav. 27
(2010) 055005, [arXiv:0711.0115!

S. Alexandrov, “Reality conditions for Ashtekar gravity from Lorentz-covariant
formulation,” Class. Quantum Grav. 23 (2006), no. 6, 1837-1850,
arXiv:gr-qc/0510050.


http://arXiv.org/abs/hep-th/0310224
http://arXiv.org/abs/gr-qc/9505028
http://arXiv.org/abs/hep-th/9808191
http://arXiv.org/abs/hep-th/0009018
http://arXiv.org/abs/gr-qc/9405015
http://arXiv.org/abs/gr-qc/9505028
http://arXiv.org/abs/1105.2212
http://arXiv.org/abs/1012.4216
http://arXiv.org/abs/1012.4784
http://arXiv.org/abs/1105.2330
http://arXiv.org/abs/gr-qc/9409001
http://arXiv.org/abs/0711.0115
http://arXiv.org/abs/gr-qc/0510050

[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]
[108]
[109]
[110]

[111]

[112]
[113]
[114]

[115]

[116]

[117]

[118]

[119]

B Bibliography

S. Alexandrov and K. Krasnov, “Hamiltonian Analysis of non-chiral Plebanski Theory
and its Generalizations,” Class. Quantum Grav. 26 (2009) 055005, larXiv:0809.4763.

S. Alexandrov, “SO(4,C) covariant Ashtekar-Barbero gravity and the Immirzi
parameter,” Class. Quant. Grav. 17 (2000) 4255-4268, arXiv:gr-qc/0005085.

F. Cianfrani and G. Montani, “Towards Loop Quantum Gravity without the time
gauge,” Phys.Rev.Lett. 102 (2009) 091301, arXiv:0811.1916.

M. Geiller, M. Lachieze-Rey, and K. Noui, “A new look at Lorentz-Covariant Loop
Quantum Gravity,” Phys. Rev. D 84 (2011) 044002, arXiv:1105.4194.

M. Geiller, M. Lachieze-Rey, K. Noui, and F. Sardelli, “A Lorentz-Covariant
Connection for Canonical Gravity,” SIGMA 7 (2011) 083, |arXiv:1103.4057.

S. Alexandrov, “On choice of connection in loop quantum gravity,” Phys. Rev. D 65
(2002) 024011, jarXiv:gr-qc/0107071.

S. Alexandrov and E. R. Livine, “SU(2) loop quantum gravity seen from covariant
theory,” Phys. Rev. D 67 (2003) arXiv:gr-qc/0209105.

E. Frodden, A. Ghosh, and A. Perez, “A local first law for black hole thermodynamics.”
2012.

E. Bianchi and W. M. Wieland, “Horizon energy as the boost boundary term in general
relativity and loop gravity,” arXiv:1205.5325.

A. Ashtekar and B. Krishnan, “Isolated and Dynamical Horizons and Their
Applications,” Living Reviews in Relativity 7 (2004), no. 10, arXiv:gr-qc/0407042.

J. Diaz-Polo and D. Pranzetti, “Isolated Horizons and Black Hole Entropy In Loop
Quantum Gravity,” SIGMA 8 (2012) 048, |arXiv:1112.0291.

J. Engle, K. Noui, A. Perez, and D. Pranzetti, “Black hole entropy from an
SU(2)-invariant formulation of Type I isolated horizons,” Phys.Rev. D82 (2010)
044050, arXiv:1006.0634.

A. Corichi and E. Wilson-Ewing, “Surface terms, asymptotics and thermodynamics of
the Holst action,” Class. Quantum Grav. 27 (2010), no. 20, arXiv:1005.3298.

E. Bianchi, “Entropy of Non-Extremal Black Holes from Loop Gravity,”
arXiv:1204.5122.

M. Henneaux and C. Teitelboim, Quantization of Gauge Systems. Princeton University
Press, Princeton, 1992.

N. Bodendorfer and Y. Neiman, “Imaginary action, spinfoam asymptotics and the
‘transplanckian’ regime of loop quantum gravity,” Class. Quant. Grav. 30 (2013) 195018,
arXiv:1303.4752.

E. Frodden, M. Geiller, K. Noui, and A. Perez, “Black Hole Entropy from complex
Ashtekar variables,” arXiv:1212.4060.

L. Bethke and J. Magueijo, “Inflationary tensor fluctuations, as viewed by Ashtekar
variables and their imaginary friends,” Phys.Rev. D84 (2011) 024014,
arXiv:1104.1800.

L. Bethke and J. Magueijo, “Chirality of tensor perturbations for complex values of the
Immirzi parameter,” Classical and Quantum Gravity 29 (2012), no. 5, 052001.

J. Samuel, “Is Barbero’s Hamiltonian formulation a gauge theory of Lorentzian
gravity?,” Class.Quant.Grav. 17 (2000) L141-1148, |arXiv:gr-qc/0005095.

155


http://arXiv.org/abs/0809.4763
http://arXiv.org/abs/gr-qc/0005085
http://arXiv.org/abs/0811.1916
http://arXiv.org/abs/1105.4194
http://arXiv.org/abs/1103.4057
http://arXiv.org/abs/gr-qc/0107071
http://arXiv.org/abs/gr-qc/0209105
http://arXiv.org/abs/1205.5325
http://arXiv.org/abs/gr-qc/0407042
http://arXiv.org/abs/1112.0291
http://arXiv.org/abs/1006.0634
http://arXiv.org/abs/1005.3298
http://arXiv.org/abs/1204.5122
http://arXiv.org/abs/1303.4752
http://arXiv.org/abs/1212.4060
http://arXiv.org/abs/1104.1800
http://arXiv.org/abs/gr-qc/0005095

B Bibliography

[120]

[121]
[122]

[123]
[124]

[125]
[126]

[127]

[136]
[137]
[138]
[139]

[140]

[141]

[142]

156

J. B. Achour, M. Geiller, K. Noui, and C. Yu, “Testing the role of the Barbero-Immirzi
parameter and the choice of connection in Loop Quantum Gravity,” arXiv:1306.3241|

C. J. Isham, Modern Differential Geometry. World Scientific, 1989.

R. A. Bertlmann, Anomalies in Quantum Field Theory. Oxford University Press,
Oxford, 2005.

T. Frankel, Geometry and Physics. Cambridge University Press, Cambridge, 1999.

S. N. Gupta, “Theory of Longitudinal Photons in Quantum Electrodynamics,” Proc.
Phys. Soc. A 63 (1950), no. 267, 681-691.

K. Bleuler, “Eine neue Methode zur Behandlung der longitudinalen und skalaren
Photonen,” Helv. Phys. Acta 23 (1950) 567-586.

J. Engle, R. Pereira, and C. Rovelli, “Flipped spinfoam vertex and loop gravity,”
Nuclear Physics B 798 (2008) 251-290, [arXiv:0708.1236v1.

J. Engle, E. Livine, and C. Rovelli, “LQG vertex with finite Immirzi parameter,”
Nuclear Physics B 799 (2008) 136-149, |arXiv:0711.0146.

H. Weyl, “Elektron und Gravitation,” Zeitschrift fir Physik 56 (1929) 330-352.

C. Kassel, Quantum groups. Springer, Berlin, 1995.
L. Smolin, “Quantum gravity with a positive cosmological constant.” 2004.

M. Dupuis and E. R. Livine, “Lifting SU(2) spin networks to projected spin networks,”
Phys. Rev. D 82 (2010), no. 6, [arXiv:1008.4093.

C. Rovelli and S. Speziale, “Lorentz covariance of loop quantum gravity,” Phys. Rev. D
83 (May, 2011) 104029, larXiv:1012.1739.

S. Alexandrov, “Hilbert space structure of covariant loop quantum gravity,” Phys. Rev.
D 66 (2002) |arXiv:gr-qc/0201087.

S. Alexandrov, “The new vertices and canonical quantization,” Phys. Rev. D82 (2010)
024024, larXiv:1004.2260.

E. Witten, “Quantization of Chern-Simons Gauge Theory with Complex Gauge
Group,” Commun. Math. Phys. 137 (1991) 29-66.

E. Witten, “Quantum field theory and the Jones polynomial,” Comm. Math. Phys. 121
(1989) 351-399.

J. Frohlich and C. King, “The Chern-Simons theory and knot polynomials,” Comm.
Math. Phys. 126 (1989) 167-199.

E. Guadagnini, “Braids and Quantum Group Symmetry in Chern-Simons Theory,”
Nucl. Phys. B 336 (1990), no. 3, 581-609.

K. Giesel and T. Thiemann, “Algebraic quantum gravity (AQG). IV. Reduced phase
space quantisation of loop quantum gravity,” Class. Quant. Grav. 27 (2010) 175009,
arXiv:0711.0119.

T. Thiemann, “Loop Quantum Gravity: An Inside View,” Lect. Notes Phys. 721 (2007)
185263, arXiv:hep-th/0608210.

M. P. Reisenberger and C. Rovelli, ““Sum over surfaces” form of loop quantum gravity,”
Phys. Rev. D 56 (Sep, 1997) 3490-3508, arXiv:gr-qc/9612035!


http://arXiv.org/abs/1306.3241
http://arXiv.org/abs/0708.1236v1
http://arXiv.org/abs/0711.0146
http://arXiv.org/abs/1212.2922
http://arXiv.org/abs/1008.4093
http://arXiv.org/abs/1012.1739
http://arXiv.org/abs/gr-qc/0201087
http://arXiv.org/abs/1004.2260
http://arXiv.org/abs/0711.0119
http://arXiv.org/abs/hep-th/0608210
http://arXiv.org/abs/gr-qc/9612035

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

B Bibliography

Y. Ding and C. Rovelli, “The physical boundary Hilbert space and volume operator in
the Lorentzian new spin-foam theory,” Class. Quantum Grav. 27 (2010), no. 20,
arXiv:1006.1294.

Y. Ding and C. Rovelli, “The volume operator in covariant quantum gravity,” Class.
Quantum Grav. 27 (2010), no. 16, arXiv:0911.0543|

E. Alesci, T. Thiemann, and A. Zipfel, “Linking covariant and canonical LQG: New
solutions to the Euclidean Scalar Constraint,” Phys.Rev. D86 (2012) 024017,
arXiv:1109.1290.

T. Thiemann and A. Zipfel, “Linking covariant and canonical LQG II: Spin foam
projector,” arXiv:1307.5885.

A. Ashtekar, M. Campiglia, and A. Henderson, “Loop Quantum Cosmology and Spin
Foams,” Phys. Lett. B 681 (2009) 347-352, arXiv:0909.4221!

A. Henderson, C. Rovelli, F. Vidotto, and E. Wilson-Ewing, “Local spinfoam expansion
in loop quantum cosmology,” Class. Quant.Grav. 28 (2011) 025003, arXiv:1010.0502.

E. Bianchi, C. Rovelli, and F. Vidotto, “Towards Spinfoam Cosmology,” Phys. Rev. D
82 (2010) 084035, |arXiv:1003.3483.

L. Freidel and S. Speziale, “Twistors to twisted geometries,” Phys. Rev. D 82 (Oct,
2010) 084041, |arXiv:1006.0199.

S. Speziale and W. M. Wieland, “Twistorial structure of loop-gravity transition
amplitudes,” Phys. Rev. D 86 (2012) 124023, |arXiv:1207.6348.

W. M. Wieland, “Twistorial phase space for complex Ashtekar variables,” Class.
Quantum Grav. 29 045007, arXiv:1107.5002.

M. Dupuis, L. Freidel, E. R. Livine, and S. Speziale, “Holomorphic Lorentzian
Simplicity Constraints,” J. Math. Phys. 53 (2012) 032502, [arXiv:1107.5274.

M. Dupuis and E. R. Livine, “Holomorphic Simplicity Constraints for 4d Riemannian
Spinfoam Models,” J.Phys. Conf.Ser. 360 (2012) 012046, arXiv:1111.1125.

E. R. Livine, S. Speziale, and J. Tambornino, “Twistor Networks and Covariant
Twisted Geometries,” Phys. Rev. D 85 (2012) 064002, arXiv:1108.0369.

H. Minkwoski, “Allgemeine Lehrsétze iiber die convexen Polyeder,” Nachr. Ges. Wiss.
Gottingen (1897).

L. Freidel and S. Speziale, “Twisted geometries: A geometric parametrization of SU(2)
phase space,” Phys. Rev. D 82 (Oct, 2010) 084040, arXiv:1001.2748.

W. M. Wieland, “Hamiltonian spinfoam gravity,” Class. Quantum Grav. 31 (2014)
025002, arXiv:1301.5859.

H. M. Haggard, C. Rovelli, F. Vidotto, and W. M. Wieland, “Spin connection of twisted
geometry,” Phys. Rev. D 87 (Jan, 2013) 024038.

W. M. Wieland, “Complex Ashtekar Variables and Reality Conditions for Holst’s
Action,” Annales Henri Poincare 1-24, larXiv:1012.1738.

E. Bianchi and W. M. Wieland, “Horizon energy as the boost boundary term in general
relativity and loop gravity.” 2012.

R. Capovilla, T. Jacobson, J. Dell, and L. Mason, “Selfdual two forms and gravity,”
Class. Quantum Grav. 8 (1991) 41-57.

157


http://arXiv.org/abs/1006.1294
http://arXiv.org/abs/0911.0543
http://arXiv.org/abs/1109.1290
http://arXiv.org/abs/1307.5885
http://arXiv.org/abs/0909.4221
http://arXiv.org/abs/1010.0502
http://arXiv.org/abs/1003.3483
http://arXiv.org/abs/1006.0199
http://arXiv.org/abs/1207.6348
http://arXiv.org/abs/1107.5002
http://arXiv.org/abs/1107.5274
http://arXiv.org/abs/1111.1125
http://arXiv.org/abs/1108.0369
http://arXiv.org/abs/1001.2748
http://arXiv.org/abs/1301.5859
http://arXiv.org/abs/1012.1738

B Bibliography

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]
[176]

[177]

[178]

[179]

[180]
[181]

[182]

158

M. Celada and M. Montesinos, “Lorentz-covariant Hamiltonian analysis of BF gravity
with the Immirzi parameter,” Class. Quantum Grav. 29 (2012) 205010,
arXiv:1209.0396.

M. Geiller and K. Noui, “A note on the Holst action, the time gauge, and the
Barbero-Immirzi parameter,” arXiv:1212.5064.

B. Dittrich and J. P. Ryan, “Simplicity in simplicial phase space,” Phys. Rev. D 82
(Sep, 2010) 064026, arXiv:1006.4295.

B. Dittrich and J. P. Ryan, “On the role of the Barbero-Immirzi parameter in discrete
quantum gravity,” arXiv:1209.4892.

A. Baratin and D. Oriti, “Group field theory and simplicial gravity path integrals: A
model for Holst-Plebanski gravity,” Phys. Rev. D 85 (Feb, 2012) 044003,
arXiv:1111.5842.

W. Kaminski, M. Kisielowski, and J. Lewandowski, “Spin-Foams for All Loop Quantum
Gravity,” Class. Quantum Grav. 27 (2010) 095006, arXiv:0909.0939.

V. Bonzom, “From lattice BF gauge theory to area-angle Regge calculus,” Class.
Quantum Grav. 26 (2009) 155020, |arXiv:0903.0267.

J. W. Barrett, M. Rocek, and R. M. Williams, “A Note on area variables in Regge
calculus,” Class. Quantum Grav. 16 (1999) 1373-1376, arXiv:gr-qc/9710056.

B. Dittrich and S. Speziale, “Area-angle variables for general relativity,” New J. Phys.
10 (2008) 083006, arXiv:0802.0864.

L. Brewin, “The Riemann and extrinsic curvature tensors in the Regge calculus ,”
Class. Quantum Grav. 5 (1988) 1193.

F. Hellmann and W. Kaminski, “Holonomy spin foam models: Asymptotic geometry of
the partition function,” arXiv:1307.1679.

F. Hellmann and W. Kaminski, “Geometric asymptotics for spin foam lattice gauge
gravity on arbitrary triangulations,” arXiv:1210.5276.

C. Perini, “Holonomy-flux spinfoam amplitude,” arXiv:1211.4807.

V. Bonzom, “Spin foam models for quantum gravity from lattice path integrals,”
Phys. Rev. D80 (2009) 064028, larXiv:0905.1501.

J. W. Barrett, R. J. Dowdall, W. J. Fairbairn, F. Hellmann, and R. Pereira,
“Lorentzian spin foam amplitudes: graphical calculus and asymptotics,” Class.
Quantum Grav. 27 (2010) 165009, larXiv:0907 . 2440.

M. Han and M. Zhang, “Asymptotics of Spinfoam Amplitude on Simplicial Manifold:
Lorentzian Theory,” arXiv:1109.0499.

M. P. Reisenberger, “Classical Euclidean general relativity from ’left-handed area =
right-handed area’,” Class. Quant. Grav. 16 (1998), no. 24, 1357,
arXiv:gr-qc/9804061l

H. M. Haggard, “Pentahedral volume, chaos, and quantum gravity,” arXiv:1211.7311,

J. C. Baez and J. W. Barrett, “The Quantum tetrahedron in three-dimensions and
four-dimensions,” Adv. Theor.Math.Phys. 3 (1999) 815-850, arXiv:gr-qc/9903060.

L. Freidel and E. R. Livine, “The Fine Structure of SU(2) Intertwiners from U(N)
Representations,” J.Math. Phys. 51 (2010) 082502, arXiv:0911.3553.


http://arXiv.org/abs/1209.0396
http://arXiv.org/abs/1212.5064
http://arXiv.org/abs/1006.4295
http://arXiv.org/abs/1209.4892
http://arXiv.org/abs/1111.5842
http://arXiv.org/abs/0909.0939
http://arXiv.org/abs/0903.0267
http://arXiv.org/abs/gr-qc/9710056
http://arXiv.org/abs/0802.0864
http://arXiv.org/abs/1307.1679
http://arXiv.org/abs/1210.5276
http://arXiv.org/abs/1211.4807
http://arXiv.org/abs/0905.1501
http://arXiv.org/abs/0907.2440
http://arXiv.org/abs/1109.0499
http://arXiv.org/abs/gr-qc/9804061
http://arXiv.org/abs/1211.7311
http://arXiv.org/abs/gr-qc/9903060
http://arXiv.org/abs/0911.3553

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]
[197]

[198]

[199]
[200]

[201]

[202]

B Bibliography

M. Dupuis, J. P. Ryan, and S. Speziale, “Discrete gravity models and Loop Quantum
Gravity: a short review,” SIGMA 8 (2012) 052, arXiv:1204.5394.

M. Dupuis and E. R. Livine, “Holomorphic Simplicity Constraints for 4d Spinfoam
Models,” Class. Quantum Grav. 28 (2011) 215022, |arXiv:1104.3683.

M. Dupuis, S. Speziale, and J. Tambornino., “Spinors and Twistors in Loop Gravity
and Spin Foams.” 2012.

S. Alexandrov, M. Geiller, and K. Noui, “Spin Foams and Canonical Quantization,”
SIGMA 8 (2012) 055, arXiv:1112.1961.

R. Anishetty and A. Vytheeswaran, “Gauge invariance in second class constrained
systems,” J.Phys. A26 (1993) 5613-5620.

P. Mitra and R. Rajaraman, “Gauge invariant reformulation of theories with second
class constraints,” Class. Quant. Grav. 7 (1990) 2131.

N. Bodendorfer, T. Thiemann, and A. Thurn, “New Variables for Classical and
Quantum Gravity in all Dimensions I. Hamiltonian Analysis,” Class. Quant. Grav. 30
(2013) 045001, larXiv:1105.3703.

N. Bodendorfer, T. Thiemann, and A. Thurn, “On the Implementation of the
Canonical Quantum Simplicity Constraint,” Class. Quant. Grav. 30 (2013) 045005,
arXiv:1105.3708.

B. Dittrich and J. P. Ryan, “Phase space descriptions for simplicial 4d geometries,”
Class. Quant. Grav. 28 (2011) 065006, larXiv:0807.2806.

B. Dittrich and P. Hoehn, “Constraint analysis for variational discrete systems,”
arXiv:1303.4294.

J. W. Barrett and L. Crane, “Relativistic spin networks and quantum gravity,”
J.Math.Phys. 39 (1998) 3296-3302, arXiv:gr-qc/9709028.

J. W. Barrett, R. Dowdall, W. J. Fairbairn, H. Gomes, and F. Hellmann, “ Asymptotic
analysis of the EPRL four-simplex amplitude,” J. Math.Phys. 50 (2009) 112504,
arXiv:0902.1170.

J. W. Barrett, W. J. Fairbairn, and F. Hellmann, “Quantum gravity asymptotics from
the SU(2) 15j symbol,” Int.J. Mod. Phys. A25 (2010) 2897-2916, arXiv:0912.4907.

W. Riihl, The Lorentz Group and Harmonic Analysis. W. A. Benjamin, 1970.

V. D. Dao and V. H. Nguyen, “On the theory of unitary representations of the sl(2c)
group,” Acta Phys. Hung. 22 (1967) 201-219.

E. R. Livine, “Projected spin networks for Lorentz connection: linking spin foams and
loop gravity,” Class. Quantum Grav. 19 (2002), no. 21, arXiv:gr-qc/0207084.

L. Crane and D. N. Yetter, “A categorical construction of 4D TQFTs.”.

M. Zhang, “Null Twisted Geometry.” PIRSA Number: 13070086, 2013. Presented at
the Loops 13 Conference, Perimeter Institute.

G. Amelino-Camelia, L. Freidel, J. Kowalski-Glikman, and L. Smolin, “Principle of
relative locality,” Phys. Rev. D 84 (Oct, 2011) 084010, [arXiv:1101.0931.

F. Girelli, F. Hinterleitner, and S. Major, “Loop Quantum Gravity Phenomenology:
Linking Loops to Physics.” 2012.

159


http://arXiv.org/abs/1204.5394
http://arXiv.org/abs/1104.3683
http://arXiv.org/abs/1112.1961
http://arXiv.org/abs/1105.3703
http://arXiv.org/abs/1105.3708
http://arXiv.org/abs/0807.2806
http://arXiv.org/abs/1303.4294
http://arXiv.org/abs/gr-qc/9709028
http://arXiv.org/abs/0902.1170
http://arXiv.org/abs/0912.4907
http://arXiv.org/abs/gr-qc/0207084
http://arXiv.org/abs/1101.0931

B Bibliography

[203]

[204]

205

[206]
[207]
[208]
[209]

[210]
[211]

[212]

160

A. Barrau, T. Cailleteau, X. Cao, J. Diaz-Polo, and J. Grain, “Probing Loop Quantum
Gravity with Evaporating Black Holes,” Phys. Rev. Lett. 107 (Dec, 2011) 251301,
arXiv:1109.4239.

G. 't Hooft, “A Locally finite model for gravity,” Found.Phys. 38 (2008) 733-757,
arXiv:0804.0328.

E. Witten, “Perturbative Gauge Theory as a String Theory in Twistor Space,”
Communications in Mathematical Physics 252 (2004) 189-258,
arXiv:hep-th/0312171. 10.1007/s00220-004-1187-3.

T. Adamo, M. Bullimore, L. Mason, and D. Skinner, “Scattering amplitudes and Wilson
loops in twistor space,” J. Phys. A: Math. Theor. 44 (2011) 454008, arXiv:1104.2890.

J. J. Heckman and H. Verlinde, “Instantons, Twistors, and Emergent Gravity,”
arXiv:1112.5210.

J. J. Heckman and H. Verlinde, “Gravity Amplitudes from a Gaussian Matrix Model,”
arXiv:1112.5209.

F. Cachazo, L. Mason, and D. Skinner, “Gravity in Twistor Space and its
Grassmannian Formulation.” 2012.

R. Sexl and H. Urbantke, Relativitit Gruppen Teilchen. Springer, Wien, 1975.

I. M. Gelfand, R. A. Minlos, and Z. Y. Shapiro, Representations of the rotation and
Lorentz groups and their applications. Pergamon Press, Oxford, 1963.

C. Rovelli and E. Wilson-Ewing, “Discrete Symmetries in Covariant LQG,”
arXiv:1205.0733.


http://arXiv.org/abs/1109.4239
http://arXiv.org/abs/0804.0328
http://arXiv.org/abs/hep-th/0312171
http://arXiv.org/abs/1104.2890
http://arXiv.org/abs/1112.5210
http://arXiv.org/abs/1112.5209
http://arXiv.org/abs/1205.0733

	Preface
	Acknowledgements
	Introduction
	The problem
	The scale of the problem
	Key concepts of loop gravity

	Hamiltonian general relativity
	The Holst action and its boundary terms
	Self-dual variables and 3+1 split
	Local corner Energy
	Hamiltonian analysis
	Phase space, constraints and evolution equations
	Gauge transformations
	First-class constraints
	Second-class constraints

	Summary
	Supplement: ADM formalism and Witten's proof
	Supplement: The Kodama state

	The discretised theory
	Self-dual two-forms, spinors and reality conditions for loop gravity
	Complex Ashtekar variables
	Spinors for loop gravity
	Reality conditions

	Hamiltonian dynamics for spinfoam gravity
	The discrete action on a spinfoam wedge
	The continuum action on a wedge
	The constrained continuum action on an edge
	Dirac analysis of all constraints
	Solving the equations of motion for the spinors

	Extrinsic curvature
	Intrinsic curvature
	Torsion and twisted geometries
	The role of torsion for the discretised theory
	The Minkowksi theorem in Minkowski space
	The spin connection for twisted geometries

	From spinors down to Ashtekar–Barbero variables
	Solving the linear simplicity constraints
	Ashtekar–Barbero holonomy and extrinsic curvature

	Summary
	Supplement: The holonomy
	Supplement: The geometry of a four-simplex

	Quantum theory
	Canonical quantisation and physical states
	Local Schrödinger equation and spinfoam amplitude
	Summary

	Conclusion
	Discussion of the key results
	Future research interests

	Appendices
	The Lorentz group
	Spinors and the Lorentz group
	SU(2) spinors and the bra-ket notation
	Unitary representations
	Symbols and conventions

	Bibliography

