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Résumé

Le théoreme de Noether est I’un des plus beaux piliers de la mécanique classique et de la
théorie des champs. Il a permis de démeéler une relation entre les symétries et les lois de
conservation, et a trouvé des applications dans tous les domaines de la physique. Parmi
ses applications, le cas de la relativité générale est probablement 1’un des plus subtils.
La seule symétrie de la relativité générale est I’invariance sous les transformations
de coordonnées, ou difféomorphismes. Mais cela ressemble plus a une symétrie de
jauge locale, et comme pour les symétries de jauge locale, une application directe du
théoreme dit qu’il n’y a pas de charges conservées non triviales. Une analyse plus
approfondie montre que si I’on prend correctement en compte les conditions aux limites,
il y a des charges non triviales, mais ce ne sont pas des intégrales sur une hypersurface
de Cauchy, comme dans les applications aux théories de terrain sur 1’espace-temps
plat, mais plutot des intégrales de surface sur les limites bidimensionnelles d’une
hypersurface de Cauchy. De telles charges de surface ont joué un réle clé dans la
compréhension de la relativité générale depuis 1’analyse Hamiltonienne de I’ADM
(Arnowitt-Deser-Misner) et plus tard sur I’article fondateur de Regge et Teitelboim.
Dans la recherche actuelle, ces charges de surface jouent un réle important dans les
applications phénoménologiques : par exemple, les quantités mesurées par LIGO et
la Vierge, comme la masse et le moment angulaire des trous noirs en coalescence
emportés par les ondes gravitationnelles, sont comprises comme des charges de surface.
Elles jouent également un role dans les développements théoriques : elles décrivent la
premiere loi de la mécanique des trous noirs, entrent dans la description de 1’entropie des
trous noirs et ont été utilisées pour explorer les résolutions du paradoxe de I’information
sur les trous noirs. Il existe actuellement un domaine d’intérét actif autour des charges, et
diverses questions ouvertes sont sur la table, de I’inclusion des multip6les gravitationnels
a la compréhension de leur quantification correcte. Il y a un deuxiéme aspect subtil de
la relativité générale que j’ai abordé dans cette these. Une conséquence de I’invariance
du difféomorphisme de la théorie est la présence de contraintes de premiere classe,
comme la loi de Gauss dans les théories de jauge. Ces contraintes de premicre classe
limitent le choix des conditions initiales admissibles pour le probleme de Cauchy
d’une maniere non linéaire et tres non triviale. C’est un probleme qui apparait tres
clairement dans la relativité numérique, ou il faut mettre en %uvre les contraintes avec
soin et s’assurer que les approximations utilisées par la grille numérique n’introduisent
pas de trop fortes violations. De bonnes conditions initiales sont connues pour des
solutions tres simples, et une solution générale des contraintes est inconnue. Ce fait
a une conséquence importante également pour les approches de la gravité quantique.
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Dans la gravité quantique en boucle par exemple, il y a de I’espace, et des opérateurs
géométriques avec des spectres discrets et des propriétés de non-commutativité. Cette
image se tient au niveau cinématique, c’est-a-dire avant I’imposition de la version
quantique des contraintes du difféorphisme Hamiltonien, et il n’est pas prouvé que
la méme géométrie quantique décrirait également I’espace physique de Hilbert de la
théorie, défini sur-coquille sur les contraintes. Une perspective différente du probleme
peut étre obtenue si I’on passe d’un probleme de valeur initiale de Cauchy sur une
hypersurface semblable a un espace a un probleme de valeur initiale caractéristique sur
une hypersurface nulle. Dans ce cas, on sait depuis les travaux de Sachs dans les années
60 que I’on peut identifier des données sans contraintes, sous la forme du cisaillement
de la congruence géodésique nulle de I’hypersurface. La question est de savoir si ces
données sans contrainte peuvent étre interprétées en termes de variables de connexion,
puis d’appliquer les techniques de gravité quantique en boucle.
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Resume

Noether’s theorem is one of the most beautiful pillars of classical mechanics and field
theory. It unravelled a relation between symmetries and conservation laws, and found
applications in all domains of physics. Among its applications, the case of general
relativity is probably one of the most subtle ones. The only symmetry of general
relativity is the invariance under coordinate transformations, or diffeomorphisms. But
this is more like a local gauge symmetry, and like for local gauge symmetries, a direct
application of the theorem says that there are no non-trivial conserved charges. A
more careful analysis shows that if one correctly takes into account the boundary
conditions, there are non-trivial charges, but these are not integrals over a Cauchy
hypersurface, like in applications to field theories on flat spacetime, but rather surface
integrals over the two-dimensional boundaries of a Cauchy hypersurface. Such surface
charges have played a key role in the understanding of general relativity since the
ADM (Arnowitt-Deser-Misner) Hamiltonian analysis and later on the seminal paper
by Regge and Teitelboim. In current research, these surface charges play an important
role in phenomenological applications: for instance the quantities measured by LIGO
and Virgo, like the mass and angular momentum of coalescing black holes carried
away by gravitational waves, are understood as surface charges. They also play a
role in theoretical developments: they describe the first law of black hole mechanics,
enter the description of black hole entropy and have been used to explore resolutions
of the black hole information paradox. There is currently an active area of interest
around the charges, and various open questions are on the table, from the inclusion of
gravitational multipoles to understanding their correct quantization. There is a second
subtle aspect of general relativity that I addressed in this thesis. A consequence of
the diffeomorphism invariance of the theory is the presence of first class constraints,
like the Gauss law in gauge theories. This first class constraints limit the choice of
admissible initial conditions for the Cauchy problem in a non-linear, highly non-trivial
way. This is a problem that shows up very clearly in numerical relativity, where one
has to carefully implement the constraints and make sure that the approximations used
by the numerical grid don’t introduce too strong violations. Good initial conditions are
known for very simple solutions, and a general solutions of the constraints is unknown.
This fact has an important consequence also for approaches to quantum gravity. In loop
quantum gravity for example, there of space, and geometric operators with discrete
spectra and non-commutativity properties. This picture holds at the kinematical level,
namely prior to the imposition of the quantum version of the Hamiltonian diffeorphism
constraints, and it is not proved that the same quantum geometry would also describe
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the physical Hilbert space of the theory, defined on-shell on the constraints. A different
perspective to the problem can be gained if one switches attention from a Cauchy initial
value problem on a space-like hypersurface to a characteristic initial value problem
on a null hypersurface. In this case, it is known since the work of Sachs in the sixties
that one can identify constraint-free data, in the form of the shear of the null geodesics
congruence of the hypersurface. The question is whether these constraint-free data can
be given an interpretation in terms of connection variables, and then the loop quantum
gravity techniques be applied.
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Chapter

Introduction

One of the most important theoretical frameworks at the ground of quantum field the-
ory consists of the determination of suitable symmetry invariance of the associated
Lagrangian density. A fundamental tool of this analysis is the Noether theorem, which
allows one to associate such invariance of the field’s equations with a conserved quantity
known as the Noether charge. A well-known example of how this theorem applies is
the derivation of the energy-momentum tensor for a general field in a flat spacetime.
For this purpose, it must be regarded of significant interest the application of this formal-
ism to the description of the gravitational field, which requires to implement this field
concept on curved space-time geometry and in presence of a non-Riemannian affine
connection. The only symmetry of general relativity is the invariance under coordinate
transformations, or diffeomorphisms. But this is more like a local gauge symmetry,
and like for local symmetries, a direct application of the theorem says that there are
no non-trivial conserved charges as consequence of the fact that they are not global
quantities, as they are not associated to a global symmetry. Nevertheless, a more careful
analysis shows that if one correctly takes into account the boundary conditions, there
are non-trivial charges, but these are not integrals over a Cauchy hypersurface, like
in applications to field theories on flat spacetime, but rather surface integrals over the
two-dimensional boundaries of a Cauchy hypersurface.

An intuitive idea of what is behind this different application can be given looking at
concepts of time and energy in Special Relativity (SR) and General Relativity (GR). In
SR, time and energy are relative to the observer but uniquely defined: once we fixed the
coordinate system, we have a global inertial reference frame in which we can define
the energy of the matter field and particles and we can transform these quantities from
inertial frame to an accelerating one. On the contrary, for GR a unique definition of
time and a universal notion of energy as a conserved quantity lack as consequence
of diffeomorphisms invariance. The time of an inertial observer can flow at a very
different speed respect to the time of an inertial one and the diffeomorphisms invariance
prevents the construction of a meaningful notion of local energy-momentum tensor for
the gravitational field, since the latter can locally be made to vanish going to an inertial
frame.

As a consequence, global conserved charges can be defined only for particular solutions
of Einstein’s Equations in which the spacetime allows one or more global symmetries or
for Asymptotically-Flat Spacetime where the Minkowski background at the boundary



allows the identification of a canonical notion of energy. In this context, the conserved
quantities result to be 2-d integrals, usually called "surface charges", and are derived
using an extension of the Noether theorem known as "second Noether Theorem". In
fact, from the standard Noether theorem, we have that for local gauge symmetries it
exists only one equivalence class of conserved currents and it corresponds to the trivial
one. However, these same trivial currents can generate a conservation law for 2-d
charges or fluxes in finite regions: if the theory has gauge parameters which generate
global symmetries, we are still able to define associated surface charges that are the
same for each observer and whose conservation law is given from the vanishing of the
3-d Noether current.

Such surface charges have played a key role in the understanding of general relativity
since the ADM (Arnowitt-Deser-Misner) [Arnowitt et al., 2008] Hamiltonian analysis
and later on the seminal paper by Regge and Teitelboim [Regge and Teitelboim, 1974].
In current research, these surface charges play an important role in phenomenological
applications: for instance the quantities measured by LIGO and Virgo, like the mass
and angular momentum of coalescing black holes carried away by gravitational waves,
are understood as surface charges. They also play a role in theoretical developments:
they describe the first law of black hole mechanics, enter the description of black hole
entropy and have been used to explore resolutions of the black hole information paradox.
There is currently an active area of interest around the derivation of these charges, and
various open questions are on the table, from the inclusion of gravitational multipoles
to understanding their correct quantization.

The study of conserved quantities also plays a fundamental role in scenario of information-
loss paradox resolution. The debate around the information paradox is crucially related
to the definition of the Bekenstein-Hawking entropy and suggested an analogy between
a BH and a thermodynamical system. A well known result of this interpretation is the
no-hair theorem [Carter, 1971, Hawking, 1972, stating that any stationary axisymmet-
ric BH can be described, no matter how it has been formed, by means of only three
parameters: the mass M, the angular momentum J and the charge Q. This is reminis-
cent of a description of a system with only macroscopic thermodynamical variable
such as energy, temperature and pressure and it connected on Jacobson interpretation
of Einsteins equations as emergent from description of more fundamental degrees of
freedom [Jacobson, 1995]].

There is a second main aspect of GR that we deal in this dissertation. A consequence
of the diffeomorphism invariance of the theory is the presence of first class constraints,
like the Gauss law in gauge theories. This first class constraints limit the choice of
admissible initial conditions for the Cauchy problem in a non-linear, highly non-trivial
way. This is a problem that shows up very clearly in numerical relativity, where one
has to carefully implement the constraints and make sure that the approximations used
by the numerical grid don’t introduce too strong violations. Good initial conditions are
known for very simple solutions, and a general solutions of the constraints is unknown.
This fact has an important consequence also for approaches to quantum gravity. In loop
quantum gravity for example, there exists a compelling kinematical picture of quantum
spacetime, where the smooth manifold of general relativity is replaced by a collection of
quanta of space, and geometric operators with discrete spectra and non-commutativity
properties. This picture holds at the kinematical level, namely prior to the imposition of
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the quantum version of the Hamiltonian diffeomorphism constraints, and it is not proved
that the same quantum geometry would also describe the physical Hilbert space of the
theory, defined on-shell on the constraints. A different perspective to the problem can
be gained if one switches attention from a Cauchy initial value problem on a space-like
hypersurface to a characteristic initial value problem on a null hypersurface. In this case,
it is known since the work of Sachs [Sachs, 1962a] that one can identify constraint-free
data, in the form of the shear of the null geodesics congruence of the hypersurface. The
question is whether these constraint-free data can be given an interpretation in terms of
connection variables, and then the loop quantum gravity techniques be applied.

The topic of this thesis concerns the study of these two aspects, constraint-free data in
the bulk of a null hypersurface, and surface charges and their conservation or balance
laws, using tetrad variables instead of metric variables. This is motivated both by the
possibility that these different variables can shed light on the open questions in the
classical theory, but also by the potential applications to loop quantum gravity. My
thesis only dealt with classical aspects. The structure of my thesis is as follows. I will
first provide a basic introduction to the use of differential forms and tetrad variables in
general relativity, in Chapter 2. I will then present the original results of my thesis, split
in three Chapters based on the papers I published during my first two years of PhD work.

Chapter three
In the first chapter of the original part of this dissertation we present a work [De Lorenzo
et al., 2018] related to Jacobson’s idea that the continuum structure of spacetime could
emerge as the thermodynamical equilibrium description of more fundamental quantum
degrees of freedom [Jacobson, 19935]).
The analysis that we will report is based on the paper [De Lorenzo et al., 2018]] in
which we restate the thermodynamical formulation of gravity in the first order formal-
ism, i.e. using tetrads and spin connections as independent variables. Our analysis is
related to Jacobson’s idea that the continuum structure of spacetime could emerge as
the thermodynamical equilibrium description of more fundamental quantum degrees
of freedom [Jacobson, 1995]] and was motivated to generalised this results in presence
of torsion. As we will show in the first introductive chapter, we can interpret torsion
as a some extra degrees of freedom that describes the spacetime structure and are
"visible" only in presence of a matter field that coupled with the gravitational field.
In this interpretation torsion should enter in every definition related to spacetime, as
parallel transport, curvature of spacetime, killing vector field etc. This means that if
we want to give a thermodynamical interpretation to Einstein-Cartan equations we
need to reformulate Jacobson’s idea starting from the physical and mathematical set-up
(bifurcating horizon) and conserved quantity laws.
We divided our analysis in two main parts. In the first one we study the case of the iden-
tification of a conserved energy-momentum tensor for Einstein-Cartan theory coupled
with a matter field. We show that this is possible only using the Noether identities of
the matter Lagrangian and the torsion field equations.
In the second part we use the conserved energy tensor to show that Jacobson’s thermo-
dynamical derivation of the Einstein equations follows as in the metric theory, namely
from the equilibrium Clausius relation and the fact that a Killing horizon is metric-
geodetic. In the same part we review the laws of black hole mechanics and analyse their
dependence on torsion. We didn’t specify any matter Lagrangian but we took a general
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one so our derivation works for an arbitrary torsion field.

Such a first order formulation finds its motivation in the possibility of extending the
thermodynamical picture of gravity towards advanced formulation required by a proper
approach to quantum gravity. In particular the set of dynamical equations derived trough
this analysis as to be regarded as the starting point for an implementation of the so
called Ashetkar-Barbero-Immirzi variables at the ground of loop quantum gravity, once
an Hamiltonian formulation is concerned.

Chapter fourth
The previous analysis pointed out that the study of conserved quantities in the first
order formalism requires some more attentions respect to the usual derivation in the
second order formalism trough the Noether theorem. We treat this general problem in
the third chapter, based on the paper [De Paoli and Speziale, 2018]], where we extend
the analysis on conserved quantities to the presence of extra gauge symmetries which
act on tetrad indices and we use the covariant phase space formalism. The power of this
method hang on the fact that it allows one to define surface charges for diffeomorphisms
as the canonical generators in the covariant phase space and relies on the symplectic
potential, which summarizes all the symplectic properties of the covariant phase space.
In particular the symplectic two-form, obtained varying such potential, provides the
geometrical properties of the covariant phase space.
The analysis that we carried on is based on the identification of a symplectic potential
for general relativity in tetrad and connection variables that is fully gauge-invariant,
using the freedom to add surface terms. In fact the symplectic structure arising from
the Einstein-Cartan action is not fully gauge invariant and it leads to surface charges
associated with the internal Lorentz transformations. These charges are not present in
the metric analysis and are an evidence of the non gauge invariance of this structure.
Moreover we expect that when torsion vanishes the covariant phase space morphology
it’s equivalent to the metric one and it’s not the case as these internal charges are not
even defined for the Einstein Hilbert action where this internal gauge symmetry doesn’t
apply. To find a fully gauge-invariant symplectic potential, it is enough to use the fact
that the symplectic potential is defined from an action principle only up to the addition
of an exact form. In particular, it reproduces the Komar form when the variation is a Lie
derivative, and the geometric expression in terms of extrinsic curvature and 2d corner
data for a general variation.The additional surface term vanishes at spatial infinity for
asymptotically flat spacetimes, thus the usual Poincaré charges are obtained. We prove
that the first law of black hole mechanics follows from the Noether identity associated
with the covariant Lie derivative, and that it is independent of the ambiguities in the
symplectic potential provided one takes into account the presence of non-trivial Lorentz
charges that these ambiguities can introduce.
Among the motivations for these results we mention the study of boundary degrees
of freedom, in particular the presence of the Holst term in Palatini action has been
shown to lead to an interesting description in terms of a conformal field theory on
the boundary [Freidel et al., 2017alWieland, 2017a, Geiller, 2018]]) and it would be
intriguing to see if and how that description is affected by our results.

Chapter fifth
Finally we devoted our study to formulate the Cauchy problem for GR and the as-
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sociated constraint structure in the case of a null foliation, still retaining tetrad and
spin connection as basic variables. This analysis is based on the paper [De Paoli and
Speziale, 2017]], in which we discuss the Hamiltonian dynamics of general relativity
with real connection variables on a null foliation, and use the Newman-Penrose for-
malism to shed light on the geometric meaning of the various constraints. An explicit
interpretation of the constraint structure for a null foliation is provided clarifying how
the diffeomorphisms and internal gauge symmetries emerge in this scenario.

The use of a null-foliation permits a straightforward identification of the real physical
degrees of freedom which enter the constraint expressions. We identify the equivalent
of Sachs’constraint-free initial data as projections of connection components related to
null rotations, i.e. the translational part of the ISO(2) group stabilising the internal null
direction soldered to the hypersurface. A pair of second-class constraints reduces these
connection components to the shear of a null geodesic congruence, thus establishing
equivalence with the second-order formalism, which we show in details at the level
of symplectic potentials. A special feature of the first-order formulation is that Sachs’
propagating equations for the shear, away from the initial hypersurface, are turned into
tertiary constraints; their role is to preserve the relation between connection and shear
under retarded time evolution. The conversion of wave-like propagating equations
into constraints is possible thanks to an algebraic Bianchi identity; the same one that
allows one to describe the radiative data at future null infinity in terms of a shear of
a (non-geodesic) asymptotic null vector field in the physical spacetime. Finally, we
compute the modification to the spin coefficients and the null congruence in the presence
of torsion. This analysis is of impact for the perspective of a quantization procedure
of the gravitational field viewed in a null foliation. In this respect has particular value
the identification of the physical degrees of freedom within the constraints morphology,
since it would facilitate the extension of this picture in a full quantum sector described
by optimized variables.












Chapter

Einstein-Cartan Action and Local Gauge
Invariance

In this chapter, we discuss both the basic formalism that we used in the rest of the
dissertation both the background that we consider necessary to fully understand the
results explained in the following chapters and put them into context.

In the first part, we introduce the tetrad and connection formalism and the related action.
This formalism is an approach to general relativity that describes the gravitational
field trough four independent vectors defined in a local reference frame instead of
the metric tensor components. It was developed mainly in the study of a quantum
theory of gravity, in which tetrad variables are fundamental if one wants to couple
the gravitational field with the fermionic matter, but it also has the power to a deeper
analysis of GR symmetries ad degrees of freedom. The simplest action that one can
build in this formulation is Palatini action, or Einstein-Cartan action if we consider to
be at the first order. We will give a brief overview of it in this chapter together with an
analysis of the constraints system,

In the second part, we introduce the torsion tensor and we described its basic properties.
The torsion contribution arises in the first order formalism if the covariant derivative
is not metric compatible, i.e. is not Levi-Civita, or if the connection is not tetrad
compatible. In vacuum, on-shell of the fields equation, the torsion tensor identically
vanishes everywhere so its presence could be explained only by the interaction of the
gravitational field with some sort of matter field. We show what are the basic sources
that can generate torsion, i.e. the matter terms action that could be added to the Einstein-
Cartan action and what are the physical interpretations of its contribution.

In the last part of this general introduction we recall how to recover the Noether Theorem
in the case of scalar field in flat spacetime and how to derive a conserved charges if a
global symmetry is present. If we want to apply the classical Noether Theorem to GR
(and in general for any gauge theory) to derive conserved quantities some accuracies
should be taken. Moreover in presence of tetrad variables we introduce four extra
local symmetries in the description of the gravitational field which actually play a
fundamental role in the correct derivation of conserved charges. We will discuss these
aspects of tetrad gravity in the two followings chapter and we left here the analysis of
Noether charges for the gravitational field in metric variables.
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2.1 Tetrad and connection variables

Let us now introduce the formalism of the tetrads and connections variables. These
represent a useful way to express the gravitational theory in terms of gauge invariant
variables.
The tetrad is a collection of four linearly independent one-forms eL (x),1=0,1,2,3 that
provides a local isomorphism between a general reference frame and an inertial one,
characterized by the flat metric 1;;. The relation between these two reference frames is
conceptually based on the equivalence principle and is mathematically expressed by the
following equation

guv () = e[ (x)e}, (x)nu, 2.1)
which reppresents the formal definition of the tetrad variables this is why the tetrads are
sometimes described as the square root of the metric.
The new indices I =0, 1,2, 3 of the tetrad are called internal indices as they act in a flat
spacetime-metric manifold and they and come together with an additional invariance
under a local gauge group G which corresponds to the the Lorentz group SO(3,1). This
can be easily understood recalling that a local inertial frame is defined up to a Lorentz
transformation and as consequence he definition (2.1 is invariant under the following
transformation

eL (x) — EL (x) = Aﬁ(x)e{l (x) 2.2)
which act on the internal index and we will sometimes refer to as "internal gauge"

symmetry.

We can geometrically interpret the tetrads as the linear map that, for each point p € M
sends the tangent space T, (.#) in the flat space. Then, given a vector v in p, the tetrads
are the matrices e}l (x) that transform the components v* (i.e., contravariant vectors)
into new components v

ey = (2.3)
which transforms under the Lorentz group.Then, any tensor can be decomposed using
internal or spacetime coordinates related by the tetrads and their inverse i.e.,

L.l, L I, v Vp M. Hy
TJ1---Jp = ey e ey ey, Ly v, - (2.4)

Related to the local gauge symmetry there is a connection a)llf , that is a 1-form with
values in the Lorentz algebra, which we can use to define covariant differentiation of
the fibres in the Lorentz tangent bundle. For example:

DV (x) = v (x) + wﬁj(x)vj(x). (2.5)

This is the analogue of the covariant derivative V, = d, +I', for vectors in T'(.#).
Using these two connections we can also define a covariant derivative for objects with
both types of indices as the tetrads:

Duey = duely + o) e, —TH e, (2.6)

Using this definition we can require to the fibre bundle space to have a connection
structure @y, that is tetrad-compatible

Dyel, =0. (2.7)

10



Under this condition a)LJ is the unique connection that we can write as a function of
the tetrads and we call it spin connection. This is the analogue as for the Levi-Civita
connection I'(g), which is defined requiring that the covariant derivative is metric-
compatible V, gy, = 0. From (2.7) we can derive the relation between the components
of ®f/ and the coefficients I}, of the Levi-Civita connection,
1 I J P I 1 I J 1P I

8(“6‘,) + o€y = F(vmep, 8[uev} +opy e, =T, 6 = 0, (2.8)
where we separed the spacetime indices into their symmetric and antisymmetric combi-
nations. If we used the fact that the Levi-Civita connection I'(g) has no antisymmetric
part we immediately obtain the following relation
1 1
Wy = eyVyey. (2.9)
A useful way to rewrite the previous equations is with the exterior calculus of forms.
Moving from the coordinate basis to the differential form notation we write e/ = e}, dx*

and o = a)[tj dx". We denote with d the exterior derivative, with d, the covariant

exterior derivative and with A the exterior product or wedge product ﬂ
In this notation equation can be rewritten as

doe! = de! + oy ne’ = (aﬂe’v + a){ue{,) dxf A di¥ =0, (2.10)

and it’s known as Cartan’s first structure equation. Given the connection, we define the
usually related tensor that characterized the manifold structure: its curvature

FV = do" + o'k A oX/, (2.11)
WhOSC components are
Fl = 0,0 — dy0f + o'k 08 — o’ kol (2.12)

If we substitute in @ the tetrad compatible connection we find the relation between FL{JV
and the usual Riemann tensor Ry,yps(g) which is constructed out of the metric can be
expressed in term of the tetrad using (2.1)),

Fl (w(e) = e’ Ruvpo (). 2.13)

The relation is known as Cartan second structure equation. It shows that GR is a gauge
theory whose local gauge group is the Lorentz group, and the Riemann tensor can be
viewed as the field-strength of the spin connection.

2.1.1 The action in terms of tetrads

A theory of gravitation is formulated by using the metric tensor as a dynamical variable.
We assume that its dynamics is regulated by a variational principle based on an action

"We address the reader at the end of this chapter for a brief introduction on the exterior calculus of
forms
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functional S, which is invariant under diffeomorphisms. In its original formulation the
dynamics of the metric tensor is encoded in the Einstein-Hilbert action,

1
16t G

Sen[guv] =

/ V—gRlguv]- (2.14)

The latter expression can be rewritten as a functional of the tetrad,

SEH(eL) = %SUKL/eI/\eJ/\FKL(a)(e)). (2.15)
implying that now the tetrad is the dynamical variables and the variational principle
should be taken varying respect to them. As these are sixteen a priori independent
variables they bring with them and extra symmetry in the internal index. Moreover, on
top of the invariance under diffeomorphism, this reformulation of the theory possesses
an additional gauge symmetry under local Lorentz transformations.

A fact which plays an important role in the following is that we can lift the connection
to be an independent variable, and consider the new action

1
S(eit,a)ﬁ]) = ES]JKL/el/\eJ/\FKL (w). (2.16)

Although it depends on extra fields, this action remarkably gives the same equations of
motion as the Einstein-Hilbert one (2.15). This happens because the extra field equations
coming from varying the action with respect to @ do not add anything new: they simply
impose the form (2.9) of the spin connection, and general relativity is thus recovered.
As it gives the same field equations, (2.15) can be used as the action of general relativity.
Notice that only first derivatives appears, thus it provides a first order formulation of
general relativity. Furthermore, the action is polynomial in the fields, a desiderable
property for quantization. On the other hand, there are two non-trivial aspects to take
into account. First the equivalence with GR holds only if the tetrad is non-degenerate,
i.e. invertible. On the other hand, (2.15)) is also defined for degenerate tetrads, since
inverse tetrads never appear. Compare the situation with the Einstein-Hilbert action,
where the inverse metric appears explicitly. Hence, the use of (2.15) leads naturally
to an extension of general relativity where a sector with degenerate tetrads, and thus
degenerate metrics, exists. Second if we insist on the connection being an independent
variable, there exists a second term that we can add to the Lagrangian that is compatible
with all the symmetries and has mass dimension 4:

51JKL€I/\6J/\FKL((D), 2.17)

where Opyx; = 51[1<5L} ;. This term is not present in the ordinary second order metric,
since when (2.9) holds,

Sukre' ne! NFXE(@(e)) = e"YPORyypo(e) = 0. (2.18)

Adding this second term to (2.15) with a coupling constant 1/¥ leads to the so-called
Holst action [Holst, 1996|

1 1
S(e,m) = (fuxﬁ;ﬁum) /e’Aef/\FKL(w). (2.19)

12



Assuming non-degenerate tetrads, this action leads to the same field equations of general
relativity,

o =e,Vue',  Guy(e) =0. (2.20)

This result is completely independent of the value of y, which is thus a parameter
irrelevant in classical vacuum general relativity. It will however turn out to play a key
role in the quantum theory, where it is known as the Immirzi parameter.

2.1.2 Hamiltonian analysis of tetrad formulation

For the Hamiltonian formulation we proceed as before, assuming a 3 4 1 splitting of
the space-time (.# = R x X) and coordinates (¢,x). We introduce the lapse function
and the shift vector (N, N“) and the ADM decomposition of the metric. It is easy to see
that a tetrad for the ADM metric is given by

eh=cl Tt =Nn' + NI, §jele] = gup, i=1,2,3. (2.21)
The “triad” ¢!, is the spatial part of the tetrad. As before, we want to identify canonically
conjugated variables and perform the Legendre transform, but we now have two new
features which complicate the analysis. The first one is the tetrad formulation, which
in particular has introduced a new symmetry in the action: the invariance under local
Lorentz transformations. As a consequence, we expect more constraints to appear,
corresponding to the generators of the new local symmetry. The second one is the
use of the tetrad and the connection as independent fields. Therefore, the conjugate
variables are now functions of both e/ and @!/ (and their time derivatives), as opposed
to be functions of the metric g, only. The consequence of these novelties is a much
more complicated structure than in the metric case. In particular, the constraint algebra
is second class. However, there is a particular choice of variables which simplifies
the analysis, making it possible to implement a part of the constraint and reducing the
remaining ones to first class again. These are the famous Ashtekar variables, which we
now introduceE] To simplify the discussion, it is customary to work in the “time gauge”
el nt = 81, where

’ ey = (N,0) — ey = (N,N},). (2.22)
The crucial change of variables is the following: we define the densitized triad
a_ a_ L abe jk
E} =ee; = Egijkg €,ecs (2.23)
and the Ashtekar-Barbero connection
Al =y + %eﬁkwé"- (2.24)

These variables turns out to be conjugated. In fact, we can rewrite the action (2.19) in
terms of the new variables as [Barros e Sa, 2001a,[Thiemann, 2001]]

S(A,E,N,N%) = / dr / &x [ALE? — A)DE{ — NH — N°H,] (2.25)
X

1
Y

20n the general analysis with the second class constraints see [Barros e Sa, 2001al.
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where

G; = D.E{ = 0,E§ + € AJE™, (2.26)
1 1+7
Ha= Iy~ Y kiG;, (2.27)

EuEE] 147 iy Ef
detE Y “detE’

H = [F),~ (P +1) €Kk} (2.28)
The resulting action is similar to Einstein-Hilbert action, with (A, E) as canonically
conjugated variables. Lapse and shift are still Lagrange multipliers, and consistently
we still refer to H(A,E) and H,(A,E) as the Hamiltonian and space-diffeomorphism
constraints.

The algebra is still first class. The new formulation in terms of tetrads has introduced
the extra constraint (2.26). The reader familiar with gauge theories will recognize
it as the Gauss constraint. Just as the H* constraints generate diffeomorphisms, the
Gauss constraint generates gauge transformations. It is in fact easy to check that E j-’

and Afl transform respectively as an SU(2) vector and as an SU(2) connection under this
transformation.

2.2 The role of Torsion field

In this section we want to introduce the basic notion of torsion. This will play an
important role in our analysis in the first order formalism where we require that the
connection T, or @'/, is not metric, or tetrad, dependent. In this case the connection is
consider as some extra fields, we will discuss in the following the different interpretation
as spacetime degrees of freedom. To treat this problem what is usually done in litterature
1s to split the connection tensor in two parts, one that is still dependent on the metric
and corresponds to the usual Christoffel symbol plus a part that is independent. This
splitting allows to immediately see the contributions given by the presence of torsion
respect to classical gravity theory in the second order formalism with a Levi Civita
connection.

2.2.1 The torsion tensor

To understand better how torsion arise we first go back to metric variables and to the
construction of the covariant derivative in GR. The partial derivative of a scalar field is
a covariant vector and in the formalism of form is given by a one-form. However, the
partial derivative of any other tensor field does not form a tensor. But, one can add to
the partial derivative some additional term such that the sum is a tensor. The sum of
partial derivative and this additional term is called covariant derivative. The covariant
derivative is a tensor if and only if the affine connection Fﬁv transforms in a special
non-tensor way.

The rule for constructing the covariant derivatives of other tensors immediately follows
from requiring that the covariant derivatives of controvariant vectors transforms as
a tensor with an index up and an index down and that the covariant derivatives of a
covariant vector transforms as a tensor with both indices down. This can be generalise
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to the covariant derivative of any tensor with indices up and down. However from this
requirements the definition of connection ng contains some ambiguity. Indeed the

covariant derivative remains a tensor if one adds to ng any tensor ng such that

a a a
FﬁY%FﬁY—i_CBY' (2.29)

A special choice of connection which is used in General Relativity for the definition of
the covariant derivative is based on two requirement: (i) that is symmetric in the lower
indices ng = F;’/‘ﬁ and 1i) that the covarinat derivative of the metric tensor identically
vanishes Vy g;v = 0. The former condition is also know as metricity condition. If these
conditions are satisfied there is a unique solution for I'* By:

1
I, =Tg,(8) = 58“’1 (9p g1y +Iy8ap — 9 8py) - (2.30)

that corresponds to the Christoffel symbol, which can then be interpreted as a particular
case of the affine connection and we will refer to it as ng(g) to underline its dependence
respect to the metric tensor. It’s a very important object, because it depends on the
metric only and it is the simplest one among all possible affine connections. Other
connections can be considered as plus some additional tensor as one can prove
that the difference between any two connections is a tensor.

When the space-time is flat, the metric and the Levi-Civita connection depend just
on the choice of the coordinates, and one can choose them such that F(g)gy vanishes
everywhere. On the contrary, if we consider,

Ig,=I5,(8) +Cp%, (2.31)

than the tensor CE‘Y (and, consequently, the whole connection ng) can not be eliminated
by a choice of the coordinates. Even if one takes the flat metric, the covariant derivative
based on I'%  does not reduce to the coordinate transform of partial derivative. Thus,
the introduction of an affine connection different from Christoffel symbol means that
the geometry is not completely described by the metric, but has another, absolutely
independent characteristic tensor CE‘ . This ambiguity in the definition of ng 1s very
important, for it enables one to introduce gauge fields different from gravity, in the next
section we will see how to derive these extra fields from an action and what are the
necessary conditions to have it.

2.2.2 Basic properties and notation

Untill now we have introduced the independent term of connection but we still didn’t
give a proper definition of the torsion tensor. Using the violation of condition (1), that
represents the antisymmetry property of the connection, we define the torsion tensor
Tﬁ“y as:

Taﬁ?/ = F%Y — F% = 2FF;37] = —2C[M]“. (2.32)
From this definition and the relation between the full connection and the Levi-Civita
one, (2.31)), we derive the following relation

1
Cpy™ =5 (Tpy" =Ty + Typ%) (2.33)
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where Cy/, is called the contorsion tensor. Here and in the following we use a comma
between indices to bundle up those with special symmetry properties.

The indices are raised and lowered by means of the metric. It is worthwhile noticing that
the contorsion is antisymmetric in the first two indices: C ﬁy“ = _CYBa’ while torsion
itself is antisymmetric in the last two indices T%g, = —T% ;3.

In a spacetime with torsion also the curvature definition are influence from this extra
field. For example, the commutator of covariant derivatives now depends both on the
torsion and on the curvature tensor. We start first from the commutator acting on the
scalar field ¢,

(Vo ,Vg] ¢ =C"op0y9, (2.34)

which doesn’t vanish anymore due to the antisymmetry property of the indices. In the
case of a vector, a brief algebraic calculation give the following expression

[V, V] VI =T 05 VsV + RV 5051, (2.35)
where R7;54p is the curvature tensor in the space with torsion:
Y Y Y Y 1A A 1A

Using , and that the product P*B, is a scalar, one can easily derive the
commutator of covariant derivatives acting on a 1-form B) and then calculate such a
commutator acting on any tensor. In all cases the commutator is the linear combination
of curvature and torsion. The curvature can be easily expressed through the
Riemann tensor (curvature tensor depending only on the metric), covariant derivative
Vo (torsionless) and contorsion as

Ruvpo - Ruvpc(g) + 21V[pcc},uv + Cp#)LCG,lv - chu)ucp,lv (2-36)

where we indicate the usual Riemann tensor defined only in terms of the metric connec-
tion as R;vpo(g) Similar formulas can be written for the Ricci tensor and for the scalar
curvature with torsion:

A
Ryy = Ruv(g) +21V[vCp],up +2C[v,,u?ucp], P (2.37)
R=R(g)+2V[,Cp *P +2C, " Cy 1P (2.38)
It proves useful to divide torsion into three irreducible components: 1) the trace vector
Tg = T%a , ii) the axial vector SV = S“ﬁ“"TaB x and iii) the tensor q‘?‘ﬁ ,» Which

satisfies two conditions q‘?‘ﬁa =0and saﬁ“"qaﬁ” =0.
Then, the torsion field can be expressed through these new fields as

1 1
Topu = 3 (TB o — Ty gaﬁ) ~ g Eapuv $" + dapy - (2.39)

Using the above formulas, it is not difficult to express the curvatures (2.36), through
these irreducible components. We shall write only the expression for scalar curvature,
which will be useful in what follows

4 1 1
R=R(g) ~2VaT%~ 3 T T“+5qaﬁyq“m+ﬁs‘x5a. (2.40)
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2.3 Noether theorem and conserved charges

To conclude this recapitulation chapter we want to give a basic review on how deriving
conserved charges for a general quantum field theory. As we already discussed the
fundamental tool to derive conserved charges is the Noether theorem which states that
every differentiable symmetry of the action of a physical system has a corresponding
conservation law. The main idea under this theorem is related to the concept of (global)
symmetry: that a system is invariant under a certain transformation means that the
physical quantities describing this system don’t change. As an example we can consider
the translation symmetry, for which case the invariance of the system is associated with
the conservation of the energy-momentum tensor of the matter field.

While considering the gravitational field, the Noether theorem doesn’t have a straight
application since the global symmetry is now a local property in the sense of the
diffeomorphism invariance. In fact to recover a proper concept of energy-momentum
is necessary to consider the role of the gravitational field as spacetime metric and the
affine connection. A proper way to address this subtle question relies on addressing the
concept of isolated system. Such a concept can be mathematically expressed by suitable
asymptotic boundary conditions, i.e. flatness conditions at spatial and null infinity. This
approach has been developed in literature and the conserved charges are derived for
some specific solution of spacetime ADM charges, Ashtekar:2000hw, Ashtekar:2008jw,
Corichi:2016eoe. Here we will not face the full derivation of this method, but we
discuss the main problems of a direct application of the Noether Theorem giving a
physical intuition behind them.

2.3.1 Noether theorem in QFT in Minkowsky spacetime

In field theory, we can derive conserved quantities associated with a Lagrangian symme-
try through the Noether theorem. In particular, for theories defined on flat space-times,
the principle of special relativity must be valid and the equations of motion for two
observers in two inertial systems must be the same. This translates into in the request
that the Lagrangian of the system is invariant under Poincaré transformations and allows
us to define conserved quantities for each field defined on a flat space-time. If we
consider the subgroup of translation and use the Noether theorem we can define a
stress-energy tensor THY that satisfies a conservation law.

We consider as an example the Klein Gordon scalar field ¢ (x%), described by the
Lagrangian:

1 1
L= Eaﬂq)&”q)—zm%)z, (2.41)
and consider an infinitesimal translation &:
At =xH et o' (x*) = o (xH). (2.42)

where €* is a global parameter. The Noether theorem tells us that every continuous
symmetry that leaves the Lagrangian unchanged is associated with a four-current

<
JH= T 50+ .2 8xM, 2.43
(o) ? * 4
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which satisfies the conservation equation,
A" =0, (2.44)

and whose integrated temporal component on a spatial surface X is preserved in timeE]

0
/d3 or _ /d3 o = /dcn J=0. (2.45)

We defined the conserved quantity as the integral of the zero componente,
0= / d*x J°, (2.46)
b

and one can prove that is independent of the chosen surface X. Let us now apply
these considerations to the Lagrangian (2.41)), which is independent of the position
of the fields in space-time. To derive the quantities associated with invariance under
translations we replace in the (2.43) the variation of the fields:

570 = 8¢+ (9u0)e* =0, (2.47)
5 = —du et (2.48)

where in the first variation the term 87 represents the total transformation of the fields,

89 =¢(x)—9'(x') = 9(x) = ¢'(x) +¢'(x) — ¢'(x') = 8¢ + (du9)8x*.  (2.49)
The resulting current is a rank two tensor given by

0L
TV = ot 4+ gtV 2. 2.50

with
uTHY =0. (2.51)

and we can prove that is the energy-stress tensor associated with the Klein Gordon field.
Consider now the four conserved charges (we have a charge for each symmetry, so in
in this case we have four charges, one for temporal translation and three for spatial
translations),

T = aﬁa% +g% 2. (2.52)

(9)

The component 00 corresponds to the Hamiltonian density,

7% = %¢ L=np—-2, (2.53)

that integrated gives us the Hamiltonian of the system

H= / PxTO = E. (2.54)

3using appropriate fall-off condition for the fields at spatial infinity.
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While the integral of the spatial components 7%/ represents the spatial impulse
dL .
P’:/d3 —=3'¢. 2.55
X5 5 ¢ (2.55)

Let us now move to a curved space-time and then replace the tensor n*" of the flat-
spacetime with the metric tensor g"", and the ordinary derivative dy, with the covariant
derivative V. The Lagrangian will depend explicitly on the gravitational field
g"V. In this case we know that the transformations naturally associated with curved
spacetime are the diffeomorphisms, under which the dynamics remains unchanged.
Also in this case it is possible to obtain an energy-stress tensor for the Klein Gordon
field which satisfies the equation,

VTR =0, (2.56)

However, in this case, it is not possible to associate a conserved charge since the former
equation no longer represents a global conservation la The Noether theorem stated
above is in fact valid only for global transformations which represent an isometry for
the metric. When we move fro a minkowskian space-time to a curved one, the system
is no longer invariant under Poincare transformations but under diffeomorphisms, and
the field transforms like a tensor

g¥P =AY AB gt (2.57)
/ ax
o __
AL =5 (2.58)
(2.59)

The prove that (2.56)) does not represent a conservation law is quite immediate it is
based on the fact that the we have substitute the partial derivative with the covariant one
to consider the curvature of spacetime,

VuTH = 9y + T4 TV 4T, TH* (2.60)

The first can be rewrite as i

rﬁ‘# = V—__ga“/—_, (2.61)

from which follow that the Gauss Theorem is not enough anymore to recover a conserved

quantities,
Ou(v/—gTHY) = —/—g TV, TH . (2.62)

From a conceptual point of view this result is not surprising, in fact in the case in which
a gravitational field is present, we expect that next to the energy of the matter also that
of the gravitational field will appear. However we are not able to define a notion of
energy density for the gravitational field.

There are some cases in which it is possible to define conserved quantities, for example

“Note that the equation (2.56) still defines a local conservation law, and therefore it is possible to
associate an energy density with matter, but this is well defined only locally, where we can always
consider putting ourselves in a minkowskian reference system.
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in the Schwarzchild metric for a static black hole we identify the parameter M with the
energy of the black hole and we know that this quantity is conserved globally. This
happens whenever space-time has a Killing vector %, that is, such that Vﬁ,éa =0,
which generates an isometry along the geodesics to which it is tangent. In other words,
a Killing vector identifies directions of the time space along which the metric remains
unchanged: Z:g,p = 0. For example, in a static space-time it is possible to define a
temporal killing vector whose geodesics, given by the coordinate lines t, the metric does
not change. The quantity conserved in this case corresponds precisely to energy. While
in the case of a spherical symmetry time space we are able to define a spatial killing
vector and the conserved charge corresponding to the angular momentum. Suppose
we have a space-time in which there is a killing vector %, this allows us to write a
conservation law for the vector T'%P 55 , given by:

Vo(TOPEPY = (VTP EP L TPV EP . (2.63)
In this case we can take advantage of the following property, valid only for vectors:

V=8 Va(T®PEg) = du(\/=8TPE) (2.64)

which allows us to use the Gauss theorem. Separating the spatial part from the temporal
part we obtain:

W09 [arymares = [@xa (g P) =~ [ do g Pesm, =0
ot ot Jx ) ax

(2.65)
where n, is the vector normal to the edge surface and also in this case we have assumed
the annulment of the fields to infinity. We have thus obtained that it is possible to obtain
globally conserved quantities even in general relativity only if space-time has at least
one Killing vector. It can be shown that the maximum of independent Killing vectors
can be ten. In this case, space-time is flat and the 10 conserved quantities correspond
precisely to those obtained from invariance under Poincare transformations.
At this point we pose the problem of seeing if it is possible to give some notion of
energy for the gravitational field. The invariance under diffeomorphisms tells us that it
is not possible to have local observables, so what we would expect to find in any case is
a global quantity. Let’s start from the equation (), as already underlined because of the
right term this does not represent a conservation law. What we try to define then is a
tensor t*V that has added to the tensor energy-impulse of the matter satisfying the law
of conservation:

Ou(v/=g(THY +1*V)) = 0. (2.66)

Furthermore, in order for it to be a well-defined quantity it must only be a function

of the metric This problem was studied by Landau Lipschitz, and the tensor form that
satisfies the properties listed above was found to be:

4 4

t“v _ C g:u'v C

L™ "87G +_m((—g)(g“vg“ﬁ — "% F))0p (2.67)

where it is seen that the impulse energy tensor is only a function of the metric. Also
you can easily see that the equation () is satisfied, in fact the term with Einstein’s tensor
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G"V is going to just cancel THV, while using the commutativity of ordinary derivatives
and the fact that the term in brackets is anti-symmetrical in § and u it is possible to
set the second term to zero. However, t;va is not a tensor but a pseudotensitor, in fact,
although the first term with G*" is a tensor, the term containing the second derivatives
of the metric does not transform like a tensor. It can also be rewritten according to
Christoftfell’s symbols, which highlight its pseudo-sensorial character.

A definition of the impulse energy tensor has also tried to give in the linearized case,
where in the second-order expansion of the Einstein equations it is possible to interpret
one of the terms of self-interaction as the analogue of the impulse energy tensor.
Consider Einstein’s second-order equations in the vacuum

G%[Yﬁs) J+ Gfi)a[m] =0, (2.68)

where 7, s and Y;(ng)

metrics:

are the perturbative contributions to the first and second order

8ap = Nap t+ Yap + 7&2)- (2.69)

Einstein’s equations are not linear, a consequence of the fact that the gravitational field

interacts with itself. In this perspective we can interpret the Einstein tensor in the second

order |

2 _p@ _ 2

G, B = R, [

as the tensor energy impulse that generates the contribution to the first order, and
rewrite the previous equation in the form:

NapR® (2.70)

Glpl1y3] =8Ttqp, 2.71)
with .
tap = — 5~ G 115 2.72)

From the properties of G, we know that 7, is symmetric and is preserved, 80‘taﬁ =0,
so can to be effectively interpreted as the tensor energy impulse of the gravitational
field in the linearized development in the second order. However it can be seen that it is
not unique, that is, the equation remains unchanged if we add to 7,4 a tensor of

the form 0*9°%U,, s constructed out from the metric tensor, quadratic in it and with
the following symmetries Uy g5 = Ujaa)ps = Uar[ps] = Upsaa- In fact, as you can
see by comparing 7,5 with the Landau-Lifshitz tensor t#VLL, these two differ by a term
that has the same properties stated above .

It is also not a gauge invariant, meaning if we replace ¥,5 With Y,p5 + 25(0;5[3) does
not remain unchanged E] These difficulties reflect the fact that it is not possible to give
a local definition of energy for the gravitational field. The problem can be overcome
by considering non-local observables as the flow at infinity. We see that although it is
not possible to give a local definition of energy it is possible to define the total energy

; 1
SFirst-order we have GEX 1)3 (7] =0.

®From the linearized case to the first order we know instead that g, g is not completely, but we can
make gauge transformations under which Einstein’s equations remain unchanged.
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for an isolated system, that is, in one this space-time is asymptotically flat. In this
case requesting that for r — oo the components of Y, and its derivatives go to zero as

Yop = O(1/r) and 0, = O(1/r?), we show that the flow of Yap:

E = / tood’x 2.73)
Y

it is well defined, that is the integral is convergent, and furthermore it is invariant under
gauge transformation £% which preserve the asymptotic conditions.

There are different types of infinity. We can consider the spatial infinity or the zero
infinite. We will discuss later what properties the metric must have for a space-time to
be asymptotically flat. In both cases, by imposing fall-off conditions for the metric it is
possible to recover a definition of total mass. In fact, we expect that in a space-time
asymptotically flat, since the metric at infinity tends towards that of Minkowsky, we
are able to find some isometries and consequently asymptotically conserved charges.
Let us first analyze the spatial case studied by ADM and then the null one proposed by
Bondi, which has particular importance in the study of energy carried by gravitational
waves. The two definitions of mass coincide only for a stationary spacetime, ie in the
absence of gravitational waves. In the case where gravitational radiation is present, it is
shown that the mass of Bondi is decreasing. It is also possible to make a comparison
between the mass of Bondi in the second order and that defined above for the flow of
gravitational energy and to see that they coincide.
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Chapter

Spacetime Thermodynamics with
Contorsion

In this chapter we present a work based on the paper [De Lorenzo et al., 2018] in
collaboration with Simone Speziale and Tommaso De Lorenzo. Our analysis is related
to Jacobson’s idea that the continuum structure of spacetime could emerge as the
thermodynamical equilibrium description of more fundamental quantum degrees of
freedom [Jacobson, 1995] and was motivated to generalised this results in presence of
torsion.

The chapter is organised in the following way: in the first section we gave a brief
introduction of the physical background. In particular our results build on the discussion
of this paper [Dey et al., 2017], albeit with a critique of some of their methods and
results, and on the original paper of Jacobson [Jacobson, 1995] where he first proposed
a thermodynamical interpretation of Einstein equation. In section two we give a brief
review of the Einstein-Cartan Action in tetrad variables and with exterior calculus of
forms. Then, before giving the original results, we review the Noether identities and the
conservation laws in presence of torsion. In the last section we present a derivation of
the laws of black hole thermodynamics for our specific case and we address the reader
to [Wald, 1984]] for a more general discussion. Finally we give in the last section of the
chapter a list of the conventions that we used and some equations in tetrad formalism
with the exterior calculus.

3.1 Background and motivations

In a famous paper [Jacobson, 1995]], Ted Jacobson proposed that Einstein equations
could have a thermodynamical origin, compatible with the thermodynamical interpreta-
tion of the laws of black hole thermodynamics [Bardeen et al., 1973]]. His argument,
based on a geometric interpretation of Clausius relation, has been later extended to
include non-equilibrium terms and higher derivative gravity theories [Eling et al..
2006, (Chirco and Liberati, 2010, Guedens et al., 2012]], and more recently to spacetimes
with non-propagating torsion, namely Einstein-Cartan first-order gravity [Dey et al..
2017]. The main difficulty of extending Jacobson’s idea to Einstein-Cartan gravity is
that there are two sets of independent field equations to be derived: the torsion equations
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as well as the proper Einstein equations. It was showed in [Dey et al., 2017]] that it
is possible to derive the latter set for a special type of torsion, and by identifying the
torsional terms as a non-equilibrium contribution to Clausius relation. The torsion
equations are not derived, and whether they can have also a thermodynamical origin is
left as an open question. In the following analysis we also do not provide a derivation
of the torsional equations, but we show that if they hold, the tetrad Einstein equations
can be derived without the need of non-equilibrium terms nor restrictions on torsion.
The technical result that allows us to achieve this is the identification of the conserved
energy-momentum tensor. The last point is crucial: in Einstein-Cartan theory, there is
no conserved energy-momentum tensor that appears as source of the field equations.
Nonetheless, if one restricts to invertible tetrads (and this appears necessary to con-
nect with the metric theory and the familiar notions used in Jacobson’s argument), the
connection can always be written as a Levi-Civita one plus a contorsion tensor. Using
this well-known decomposition, the tetrad Einstein equations can be written as the
Levi-Civita Einstein tensor on the left hand side, and a torsion dependent effective
energy-momentum tensor 7° on the right hand side. By taking the Levi-Civita co-
variant derivate of both sides, the left one vanishes due to Bianchi’s identities. This in
turn implies the vanishing of the right hand side, allowing to identify the conserved
energy-momentum tensor also in the presence of torsion.

For the thermodynamical argument, on the other hand, one needs to identify a con-
served energy-momentum tensor without using the field equations, since these are to be
derived. In order to achieve this result we will show that the conservation of T° in the
Einstein-Cartan theory can be derived without using the tetrad field equations. The proof
is simple although rather lengthy, and best done using differential forms. It follows
from the Noether identities of the theory, and requires the matter and torsion field
equations to be satisfied. Our second result is to use this conserved energy-momentum
tensor and the contorsion description to show that the tetrad Einstein equations can be
derived from the Clausius relation with the same assumptions and hypothesis of the
metric case [Jacobson, 1995]], without the need of the non-equilibrium terms and the
restrictions on torsion used in [Dey et al., 2017]]. This is possible because the start-
ing point of Jacobson’s argument, a Killing horizon associated with a locally boosted
observer, is a notion which is insensitive to the presence of torsion. In particular, the
generators of the Killing horizons follow the Levi-Civita geodesic equation. This turns
out to suffice to recover the tetrad Einstein equations from the equilibrium Clausius
relation, since the torsion terms are identified by the effective energy-momentum tensor.
A further advantage of our derivation is that it includes also the Immirzi term in the
Einstein-Cartan theory. To complete our discussion, we also look at the laws of black
hole mechanics in the presence of torsion. The zeroth law is unaffected, and it can be
proven exactly as in the metric case, provided that the energy conditions are imposed on
T, The first law on the other hand depends on torsion. We consider here the ‘physical
process’ version of the first law [Wald, 1995]], which is closely related to Jacobson’s
argument run backwards. Using the same contorsion decomposition as before, the
formal expression of the first law is unchanged, but the quantities appearing depend
on torsion through the effective energy-momentum tensor. The second law has a more
marginal dependence, in the sense that torsion simply enters the inequalities on the
energy conditions required.
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3.2 Analysis of Einstein-Cartan field equations and the
role of matter

Let us begin by briefly reviewing the field equations of Einstein-Cartan theory and

the contorsion decomposition. We refer the reader to [Hehl et al., 1995]] for more

details, and to the Appendix for definitions and notation. We consider the following
first-order action,

1 A
Sec(e, ) = E/PUKL(e]/\eJ/\FKL(a)) — gel/\ej/\eK/\eL), (3.1

where

1 1
Prkr = 2y (NikMuL — NiLNik) + S ELIKL; (3.2)

and v is the Immirzi parameter. We restrict attention to invertible, right-handed tetrads.
The action is then equivalent to first-order general relativitym

1 1
Ser(g,0) = —— [ [V—8(8"P 8" Ruvpo(T) —2A) + —E*YPO Ry pold?x,  (3.3)
167 Y

with initially independent metric and connections, which are related to the fields of (4.1)
by the familiar formulas

Suv = eLe{,nU, Fﬁv = efD“e{, = ef(aue{, + a){lje]v). (3.4)

We collectively denote the matter fields as y, and consider a general matter Lagrangian
L(e,®,y) == Z,(e,®, w)d*x. Varying the matter action we have

55, — / 5L, — / (2#‘,541 + oty S0l +Em61//> edx, 3.5)
where E,, denotes the matter field equations, and we defined the source terms
1 8%, 1 8%, 169
"L"u = — = — |4 IJ:: TJ Vet G’u :——m. 36
=7 66'2 2e Oej ere verer = 5(0&] (36)

The sign choice in the definition of 7 is not universal in the literature. We picked it this

way in analogy with the metric energy-momentum tensor TJV,

2 0%n(g,T 186.% (e,
TEV == m<g7 ) = ———m(e’ )6'(/) = 271(”6\/)13 (37)
V—g Ogtv e Sellu
which coincides with the one of general relativity in the absence of torsion.
The field equations obtaining varying (4.1I) and the matter action are

1
G*1(e, )+ Aeff + Z/e“VpGe?‘Ravpg(e, o) = 161 TH], (3.8a)

PykLe"Pley T, s = —16may). (3.8b)

'Sometimes called Einstein-Palatini general relativity because proving its equivalence to general
relativity uses the Palatini identity.
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Here
1
G”[(e, CO) = ZS[JKLE”vpae{,F;{GL(O)) = G“V(e, (D)evl (3.9)

is the first-order Einstein tensor, the Riemann tensor and curvature are related by
Ryvps(e,w) = emev]FpI{,(a)), and T! := dye' is the torsion. The first set || contains
the ten Einstein equations, plus six redundant equations: although Gy (e, ®) is not
symmetric a priori, it is easy to show that the Noether identity associated with invariance
of the action under internal Lorentz transformations (see (3.31a)) below) implies that
the equatipns for GH ey u are autom.atic‘ally satis'ﬁed. The ‘rele\{ant content of (3.8a) is
therefore just its symmetric part, which in turn gives the Einstein’s equations

1
Guv(e,®) +Aguy + 2—ye(,ﬂ"C’RvMpc(e, ) =8 TL (3.10)

v

or equivalently as functions of (g,I") via (3.4).

In the following, we will refer to (3.8a)) or (3.10) as Einstein’s equations (in the presence
of torsion), to be distinguished from the torsion Einstein-Cartan equations @, or
torsion equations for short. It is often convenient to write the field equations using the
language of differential forms, as we did in the action (4.I). To that end, we use the
Hodge dual x mapping p-forms to (4 — p)-forms (see Appendix [3.7|for conventions).
This allows us to define the Einstein 3-from

1
*G[((x)) = —EEIJKLej/\FKL((D), 3.11)

where the opposite sign with respect to (3.9) is a consequence of Lorentzian signature,
and equivalently the dual source forms x7; and x0y;. The field equations (3.8)) then read

1
*G(@) 4+ Axep — )—/ej/\Fu((O) = 167 17, (3.12a)

Pk e ANTE =87 x0y5. (3.12b)

3.2.1 Properties of the contorsion field

Although connections form an affine space with no preferred origin, the presence of an
invertible tetrad suggests a natural origin: the Levi-Civita connection a){] (e) associated
with the tetrad. We can then always decompose an arbitrary connection into Levi-Civita
plus a contorsion tensor Cj/ as

o = o (e)+C}/. (3.13)

Torsion and curvature are related to the contorsion as follows:

T! =V ney, (3.14)
FI¥(w) = F/®(€) + dyp( o) K + ™M NCyS = FX () + duC'* — "™ N Cy¥,
(3.15)
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where d ) is the exterior derivative with respect to the Levi-Civita connection. Plug-
ging this decomposition into the field equations we find

*G](e) + Axe; = 167 %17 + P]]KL(dw(e)CJK —l—CJM /\CMK), (3.16)

P]]KLeK/\CLM/\eM = 81 x07yJ. (3.17)

The fact that the field equations for the Einstein-Cartan theory can be recasted as in
(3.16)) is the source of an old debate in the literature about the role of torsion [Hehl and
Weinberg, 2007]]: if we forget about the notion of affine parallel transport defined by
o', and use simply the one defined by @'/ (e) in the sector of invertible tetrads, then
the theory is indistinguishable from ordinary metric theory with some non-minimal
matter coupling. The non-minimality is captured by the effective energy-momentum

tensor sourcing (3.16), i.e.

1
*‘L’Ieff =T+ EP]]KL(dw(e)CJK—|—CJM/\CMK). (3.18)
While we take no stand in the debate, we will heavily use this fact in the thermodynamic
discussion below. Before getting there, we need to review in the next Section the relation
between the conservation of the energy-momentum tensor and the Bianchi identities.
For convenience of the reader, we report the relation between torsion and contorsion in

tensor language,

TPuvi=¢f T'uy = =2C) v =217, (3.19)
Cuvp = %TWP ~ Ty pus Cluvip = Tipvp- (3.20)
The Einstein equations (3.8a) read
Guv(e) +Aguv = 87rlef\f,, (3.21)
Tﬁf,f =211 ey + é (6805(;1 536)%’ — %/gy(ugv)spc) <1VPCG778 - Cpﬂ”lccmﬁ) :
(3.22)

We refrained from expanding the completely antisymmetric 53%6 since no useful
simplification occurs. Notice that for a given contorsion we have a 1-parameter family
of conserved energy momentum tensors, labeled by the Immirzi parameter. Finally,
using the torsion equations, T° can be seen to be linear in the source tensor of the
Einstein equations, and contain derivative and quadratic terms in the source tensor of
the torsion equations.

3.3 Noether identities and conservation laws in pres-
ence of torsion

The gravity action (4.1)) is invariant under internal Lorentz transformations

Srel = Alse’ S 0" = —dyAl . (3.23)
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as well as diffeomorphismsE]

Seel =fee' =de' E+d(e' &) =doe’ & +du(e'LE) —(wj2E)e’,  (3.24a)
Sco" = £r0" =do" JE+d(0"E) =FY.E+dp(0"E). (3.24b)

Specializing the variation of the action (4.1) to (3.23)) and (4.21) respectively, and
integrating by parts, one obtains the following Noether identities

PIJKLeK AFIM A ey = P[]KLeK VAN dwTL, (3.26a)

de (P]JKLeJ VAN FKL) = P]JKLTJ AFKE, (3.26b)

These are nothing but contracted forms of the Bianchi identities d,F"/ =0, dp,T! =
F" A e;. Using the field equations (3.12)) in (3.26) one finds additional relations for the
matter sources,

dep*x017 = 2*1'[1/\6‘]}, (3.27a)

IK o1 Axoyx + T ey Axty. (3.27b)

1

dw *T] = EF
These matter Noether identities can also be derived without reference to the field
equations (3.12)): they follow from invariance of the matter action (3.5) under (3.23)
and (4.21), on-shell of the matter field equations. See [Hehl and McCrea, 1986, [Hehl
et al., 1995, Barnich et al., 2016]] for more details.
Recall now that, in the metric formalism, invariance of the matter Lagrangian under
diffeomorphisms guarantees the conservation of the energy-momentum tensor,

SeLw=d(Lyo€) = V,TH =0, (3.28)

on-shell of the matter field equations. In the first-order formalism with tetrads, the
energy-momentum tensor does not appear immediately in the field equations: the
closest object we have is the source 7 of the Einstein’s equations (3.8a)). This quantity
is however not conserved, as we can see from , whose right-hand side does
not vanish on-shell. Nevertheless, although 7 is not conserved, it is easy to identity
an effective energy-momentum tensor which is conserved, thanks to the contorsion
decomposition 3_16p If we take the Levi-Civita exterior derivative d,) on both sides
of (3.16), the left-hand side vanishes identically. This in turns implies the vanishing of
the right-hand side, which gives a local conservation law

da)(e) TIeff =0 (329)

valid also in the presence of torsion. Equivalently in terms of tensors, the object
with vanishing (Levi-Civita) divergence is Tﬁf,f as defined in 1} and it provides

Note that the Lie derivatives are not gauge-covariant objects. It is often convenient to consider
the linear combination of transformations Lg = £¢ + &, ¢ which is covariant.

3To obtain (3.26a), we used the identity below. For the reader’s convenience, we report the
identities also in the more common 7-less case,

1 1
*Gy Ney = —Ee,,KLeK/\dwTH dy*G; = —ESHKLTJ/\FKL. (3.25)
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the conserved energy-momentum tensor of the theoryf_fl This simple observation is
well-known in the literature, see [Hehl et al., 1976, Hehl, 1976, Bohmer and Hehl, 2018||
(where it is referred to as ‘combined energy-momentum tensor’), and can be taken to
provide the basis of energy conservation in Einstein-Cartan theory.

For later purposes, we are interested in whether it is possible to derive the conservation
law (3.29) without using the Einstein’s equations. This is a bit of a strange question
if one starts from an action principle, but it is crucial to Jacobson’s thermodynamical
argument, where this is not the case. We could not find the answer to this question in the
literature, which turns out to be affirmative. The result is the following: Proposition 1:

The matter Noether identities (3.2'7)) on-shell of the matter and torsion field equations
imply the conservation law for the effective energy-momentum tensor (3.29). The proof

is a somewhat lengthy exercise in algebraic identities, and we leave it to Appendix 2.
We also looked for a stronger result, namely whether (3.29) also holds without imposing
the torsion equation, but we did not succeed. The proof in the Appendix (A.2]) shows
explicitly the step in which we use the torsion field equation. To give an idea of what
happens, using the contorsion decomposition can be combined to give

1 1
doge) (14 5C7 ser o) = 5 (F™(0) ser +£4C75 ) Axoyx (3.30)
(an expression for the Noether identities which appears for instance in [Hehl et al..
2013]), and using the torsion field equation the right-hand side reduces to d,,) of a 3-
form. In tensorial language, the Noether identities for a generic gauge and diff-invariant

Lagrangian density . read (see e.g. [Barnich et al., 2016]])

0 6%

Dy + ey =0 3.31
Mool sl T (3.31a)
0.L 1 8L ;8L
5w‘ILJFVu(w)+ %Tvu _evDH@ =0, (3.31b)

on-shell of the matter field equations. For the Lagrangian density in (4.1)), these give
respectively contractions of the algebraic and differential Bianchi identities,
2R[[Jv] = —Vpr'uv — ZV[”Tpv}p + TppgTG“v, (3.32)

1
Vva# - Tp'u(ych - ETVPGRPG,U.VJ (333)
from the y-less terms, and

£*PORuvpo = P (Vy T po + TyavT po)s (3.34)
€*PPOV LR vps = €*PPOT R 1y (3.35)

4 An alternative ‘conservation law’ using the full connection would be of little practical meaning,
because it would not lead to hypersurface quantities independent of the choice of space-like slice.
Another way to identify this conserved object is to solve the torsion equation — which in the case of
Einstein-Cartan is simply algebraic since torsion does not propagate, and plug the solution back into the
action. Varying the resulting matter action with respect to the tetrad then immediately gives the effective
energy-momentum tensor (3.22).
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for the part in 1/y. As for the matter action,

Dy(eoy;) = —2eth ey (3.36)

wo

1
Dy(ethy) = eel <§Fl{§ oy + Ty t” J> : (3.37)

3.4 Thermodynamics formulation of Einstein equations

We now come to the main motivation for our analysis: show that Proposition 1 allows
us to run Jacobson’s argument with the usual equilibrium assumptions. To better
appreciate our point, let us briefly recall the key steps of the metric case, referring the
reader to [Jacobson, 1995] for more details.

3.4.1 Set-up: definition of killing vector field and bifurcating hori-
Zon

Consider an arbitrary metric g,y on a manifold, a point P and a neighbourhood suffi-
ciently small for spacetime to be approximately flat. Denote by E# the future-pointing
(approximate) Killing vector generating a Rindler horizon .7# within the approximately
flat region, with bifurcating surface % through the point P. This is by construction
hypersurface orthogonal, null at the horizon but not outside, and vanishing at %:

220, guEt=-2x&, &4 Zo. (3.38)

Since it is Killing, it is also geodesic,

ENVEH = 1 3uE> = KEH. (3.39)
The inaffinity k can be proven to be constant on the horizon, and it is usually referred
to as the horizon surface gravity. For a Rindler horizon, constancy of x follows
immediately from the vanishing of the Riemann tensorE] It is useful to introduce an
affine parameter A along the null geodesics, with origin at the point P. It can be easily
shown that

L B N Y (3.40)

Given this geometric set-up, the first step of Jacobson’s argument is to associate to the
Rindler horizon its Unruh temperature:

(i) T=—, K = constant. (3.41)

SFor a stationary black hole horizon, this is the content of the zeroth law of black hole mechanics.
This was proved using the Einstein’s equations and the dominant energy condition [Bardeen et al., 1973|,
although in principle one could just require the analogue of the dominant energy condition directly on
the Ricci tensor, as done in the generalization to isolated horizons [[Ashtekar et al., 2000b].
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Figure 3.1. The set-up thermodynamical derivation of Einstein’s equation as proposed
in [Jacobson, 1995]]. Local flatness allows to consider approximate Rindler observers E*
around any point P of a given spacetime. The associate Rindler horizon has bifurcate
surface 9B passing through P. The system is perturbed by a small flux of matter crossing the
past horizon and entering the left wedge. For the derivation to be valid, an infinite family of
EH is actually considered, one per each direction.

Next, three assumptions are made: first, that there is an energy flux through the horizon
in the near past of P, see Fig.[5.1} given by a conserved energy-momentum tensor 7}, y:

(i) AU := / TuEF1YdAd*S = —x / Tuvl*1YAdAd*S,  V,TH, =0,
" " (3.42)
where we used and the constancy of k. This energy flux will be interpreted
thermodynamically as a heat flux, AU = AQ. Second assumption, that there is a notion
of entropy variation associated to the horizon, which is (universally, i.e. independently
of the matter state) proportional to the area variation:

(iily AS=nAA=n / 0dAd>S, (3.43)
H

where 0 is the expansion of horizon. This is controlled by the Raychadhuri equation for
M

)

de 02
The final, technical assumption made in [Jacobson, 1995] is that at P one can take
0 = o,y = 0, and approximate the solution of the Raychadhuri equation simply by

0 = —ARuyI*IY + 0(&2)E| Using this approximation,

AS=—n /%QLRﬂvl“l"dﬂ,sz. (3.45)

®Vanishing of the initial expansion and shear are taken to be the equilibrium conditions necessary for
the upcoming application of Clausius relation. We find on the other hand the last approximation quite
strong in that it implies constant curvature, at least along the horizon’s generators. See Appendix [3.5.1]
for a discussion of this approximation, and an alternative derivation which uses perturbation theory in the
metric fluctuations.
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Finally, we observe that using (i — iii) and the approximation (3.43)), the Clausius
first law of thermodynamics AQ = T'AS implies

n

Since this is valid for an arbitrary direction of the Killing boost and at any point, we
can remove the integral. The Einstein equations (with an undetermined cosmological
constant) then follow by imposing the conservation law V#T,, = 0. The Newton
constant is identified determined by G = 1/(4n).

2
/ (—” Ty — R“v> 1Y 2dAd*S = 0. (3.46)
H

3.4.2 The effect of torsion on the set-up

In the Einstein-Cartan theory (4.1)) the connection is a priori affine, and torsion can be
present, affecting the geodesic and Raychaudhuri equations. One may then think that
the argument above should be substantially revisited. As we now show, this is actually
not the case. The first observation we make is that the starting point of Jacobson’s
argument, a Killing horizon, is a purely metric notion:

O:rféguv Zgaaaguv +guaav§a+gvaau§a (3.47)
=2V u8v) = Viuby) + TP v)Sp-

Hence by definition, it does not depend on torsion, in spite of the apparent presence
of the latter in the last expression above. The constancy of K on the approximate
Rindler horizon also follows like in the metric case from the vanishing of the metric
Riemann tensor. Being Killing and null, & is automatically geodetic with respect to
the Levi-Civita connection (which we recall is always well-defined and at disposal since
we are only interested in the sector of Einstein-Cartan theory with invertible tetrads), so
(3.39) still holds. Hence, we can run most of the argument as in the metric case. Step
(i) is unchanged. For step (ii), we follow [Jacobson, 1995] and define the energy flux
as the integral of the conserved energy-momentum tensor. Proposition 1 identifies this
object uniquely as Tﬁf,f defined in @), with its torsional dependence. Step (iii) is also
unchanged: since the generators of the Killing horizon follow the Levi-Civita geodesics
(3.39), the change of the expansion of the generators is governed by the Raychaudhuri
equation with the metric Ricci tensor R,y (e) appearing on the right-hand side.
Imposing again the equilibrium Clausius relation AQ = TAS with these (i — iii), and
using the same approximation (3.45)), we arrive exactly at

/ (2—” ey —Ruv(e)) IMIYAdAd>S. (3.48)
2\ M

We conclude that the torsion-full Einstein equations, in the form , can be derived
a la Jacobson from the equilibrium Clausius relation. No need to consider a torsion-full
Raychaudhuri equation, non-equilibrium terms and restrictions on torsion, as argued
in [Dey et al., 2017]] and reviewed in the next Section. It suffices to use the result of
Proposition 1 to identify the correct energy-momentum tensor.

There is however an important caveat to our procedure: we are assuming the torsion
equations to hold, since we used them to prove Proposition 1. This may look unsatis-
factory, since it is currently not known whether these equations can be derived from
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a thermodynamical description. Our logic is that if such a description of the torsion
equations exists, then it is consistent to assume that they hold when deriving the Einstein
equations. This said, it is also possible that Proposition 1 holds off-shell of the torsion
equations, so that these are not needed to derive the Einstein equations. Nonetheless,
one would still need to be able to derive the torsion equations from thermodynamics for
the whole framework to make sense. Assuming them to hold seems thus to us coherent
if a complete thermodynamical framework exists. In any case, the main problem if
one does not want to use the conserved energy-momentum tensor is the ambiguity that
one faces in defining it, see e.g. [Hehl, 1976|]. The prescription used by the authors
of [Dey et al., 2017] for instance, is to take what would be the source of the Einstein
equations, namely the derivative of the matter Lagrangian with respect to the tetrad (or
to the metric, equivalently up to a symmetrization). Notice that this can be tricky in the
presence of torsion, because one can work with either the first-order action S(g,I") or
the second-order action S(g,C). The field equations are completely equivalent since the
two actions are related by a (non-linear) field redefinition, however for the sources one
has

Tivi= g (3.49)
sra
rC_ 2 8Ln(gC) . 2 8Ln(sT) gy (3.50)

uv /__g 5guv T Tuv /__g 31“%7/ Sguv'

Both coincide with the general relativity energy-momentum tensor when torsion van-
ishes, but differ in the presence of torsion. This type of ambiguity reminds us that
using a conserved energy-momentum tensor, when available, is always the best choice.
We now show how this ambiguity in turn affects the non-equilibrium approach to the
derivation of the Einstein equations.

3.4.3 Non-equilibrium terms in the thermodynamical relations and
their interpretation

A more general setting including a non-vanishing shear has been considered in [Eling
et al., 2006, Chirco and Liberati, 2010]. In this case the presence of additional terms
on the right-most side of (3.43) is incompatible with the equilibrium Clausius relation.
Hence to run Jacobson’s argument one must assume that there are non-equilibrium
terms,

AQ = TAS + AS,on—cqui- (3.51)

The interpretation of the shear-squared terms as non-equilibrium is justified a priori from
the horizon tidal heating effect [[Chirco and Liberati, 2010]. It should be noticed however
that the same shear-squared terms enter both the TAS and the AS,,op—equi coOntributions,
since one is still assuming (3.43)), that the entropy variation is proportional to the area
variation. This feature seems to us unusual from a thermodynamical perspective.

In any case, we now discuss the application of the non-equilibrium approach to
deriving the Einstein equations, which is more problematic. We start as before from the
observation that a Killing horizon is metric-geodetic, and use the same approximations
leading to the integrated metric Raychaudhuri equation (3.43), but this time allowing a
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non-zero shear in (3.44). Then from (3.5T)) we obtain
27
= /}f TR AdAd>S = /%ﬂ (R,w(e)l“lv + G“VG“V) AdAd®S + ASy e (3.52)

The delicate point now is how to define the heat flux, namely what TPR needs to be
used on the left-hand side of the above equation. Clearly, the identification of the non-
equilibrium terms that will be needed to obtain the Einstein equations depends
on how we define the energy-momentum tensor. If, as in the previous Section, the
conserved one is used, the only non-equilibrium term comes from the shear, which
can then be argued for as in the metric theory following [Eling et al., 2006, Chirco
and Liberati, 2010]. This shows how the derivation of the Einstein equations from the
conserved energy-momentum tensor and metric Raychaudhuri equation can be easily
extended to the presence of shear.

If we chose instead to define the heat flux via a source tensor, we would need
additional non-equilibrium terms in order to fully reproduce the Einstein equations
(3-21)). The crucial point is whether they can be justified a priori as in the example of
the tidal heating, else the construction is artificial. The authors of [Dey et al., 2017]
argue that this is possible, if (a) we choose TIJ;’, = T#Cv for the heat flux, and (b) we
define the non-equilibrium terms as those arising from the torsion-full Raychaudhuri
equation that include torsion-full derivatives of [*. There are three problems that we
can see with this construction. First, a Killing vector is metric-geodesic, but in general
not geodesic with respect to the torsion-full connection, since from we see that

5vvv§u = Kéu_cwupgvgp = Kéu_Twupgvép- (3.53)
For this reason, the authors of [Dey et al., 2017]] restrict torsion to satisfy

This restriction implies that metric and torsion-full geodesics coincides, and one can
use the geodesic torsion-full Raychaudhuri equation on the Killing horizon. But since
the metric and the torsion-full geodesic expansions also coincide[] it follows that the
torsion-full Raychaudhuri equation is identical to the metric one. Therefore, it is
unclear what one gains from this approach, except for a restriction on torsion that in the
equilibrium approach presented in the previous Section is not necessary

Second, the identification of the non-equilibrium contributions as torsion-full co-
variant derivatives of [ is questionable: we are not aware of any proof that in a

7In the presence of torsion, the displacement of a vector g* Lie dragged along EH is given by
gvvvqﬂ = Buqu7 Buv = Vvéu + Tu,)tv§)L = 1Vv§u +Cp,uvépa

hence introducing the usual projector 1*Y on a 2d space-like surface orthogonal to ¥, we have
0 .=1Hv By =10. For the reader interested in more details on geodesics with torsion, see e.g. [Luz and
Vitagliano, 2017, ?].

8Since in order to recover the Einstein equations we will need to consider arbitrary boost Killing
vectors, see discussion below , the restriction on torsion should hold for any £#. This implies
a strong restriction on torsion, that can be satisfied for instance if it is completely antisymmetric. A priori
it could be possible to consider a relaxation of , allowing for a right-hand side proportional to &,
rather than vanishing, since this would only mismatch the inaffinity of metric and torsion-full geodesics.
However we don’t know whether the derivation of [Dey et al., 2017]] can be extended to this case.
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spacetime with torsion it is the torsion-full shear that gives the tidal heating. Fur-
thermore, the condition of vanishing initial expansion implies that at the point P we
have V, I* =1 "V T, y,IP, making some ‘non-equilibrium terms’ indistinguishable from
terms without derivatives, as the authors of [Dey et al., 2017] acknowledge in a footnote.

Third, there is the ambiguity associated with picking a non-conserved Tﬁ;",, as
discussed before. Had we chosen the alternative source 7T, which is also more natural
from the perspective of a metric-connection action, the same identification of non-
equilibrium contributions would not work, as it would miss the terms with covariant
derivatives of the contorsion in (3.21).

Summarizing, although the non-equilibrium approach has the advantage of allowing
to relax the assumption of an initial non-vanishing shear [Eling et al., 2006,|Chirco and
Liberati, 2010], it is in our opinion ambiguous when applied to gravity with torsion.

3.5 Black hole thermodynamics in presence of torsion

As mentioned in the introduction, Jacobson’s derivation is inspired by the laws of black
hole thermodynamics. Having shown that the derivation works also in the presence
of torsion, at least as far as recovering the Einstein equations, the next question we
considered is what happens to the these laws.

We have recalled earlier that the surface gravity of the Rindler horizon is constant
simply because the Riemann tensor vanishes. For a general horizon, constancy of the
surface gravity is the zeroth law, and its proof uses the Einstein equations and the
dominant energy conditions. In the presence of torsion, we can follow the proof with
the equations (3.21)), and the only modification is that the dominant energy condition
will be a restriction on the effective energy-momentum tensor.

More interesting is the modification that occurs to the first law. To see this, let us
consider the ‘physical process’ version of the proof [Wald, 1995]], in which an initially
stationary black hole is perturbed by some matter falling inside the horizon. For our
generalization, we suppose that the in-falling matter has spin and sources torsion, and
that the metric and connection satisfy the Einstein-Cartan field equations.

As in the metric case, we assume that all matter falls into the black hole, and that the
latter is not destroyed by the process, but settles down to a new stationary configuration
[Wald, 1995, Gao and Wald, 2001]]. These assumptions are motivated by the no-hair
theorem and the cosmic censorship conjecture, which keep their value also in a theory
with non-propagating torsion. For example, it is known that a compact ball of static or
slowly spinning torsion-full Weyssenhoff ﬂuicﬂ admits a solution which satisfies the
junction conditions with an external Schwarzschild or slowly rotating Kerr [Prasanna,
1975, |/Arkuszewski et al., 1974].

Following [Wald, 1995, we use the linearized Einstein equation to study the effect on
the horizon geometry caused by the in-falling matter at first order in perturbation theory,

g‘uv :g2v+hMVa Cp“uv :Cp7“v. (355)

Being null and hypersurface orthogonal, the affine horizon generators are metric
geodetic, and their expansion is governed by the Raychaudhuri equation (3.44). The

9This is a single component of torsion (the trace part) generated by the gradient of a scalar [Griffiths
and Jogia, 1982].
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background generators [* are proportional to the Killing generators E# satisfying
I* = —(Ax)~'&H, with constant k by the zeroth law. They have vanishing shear and
expansion, giving therefore at first order

%69 — SRy (R)IM1”. (3.56)

Integrating along the horizon ¢ from the bifurcation surface % to a cut S. at future
null infinity, we have for the total area variation

A = / 50 dAd>S / SRy (W)Y 2dAS, (3.57)
H H

where we integrated by parts and used that 4|4 = 0 since |4 = 0, and that 6|5, =0
by the late time settling down assumption.

In the standard particular case of torsion-less matter with conserved energy-momentum
tensor 7y, we have from the linearized Einstein equations

/ SRy (W)IM1Y AdAd*S = 87 / 8Ty (h)IM1Y AdAd>S. (3.58)

At this order, we can substitute /* = —(A k)~ 'EH in the right-hand side integrand

8
22 (AM — QuA),
(3.59)
where in the first equality we used that fact the future-pointing volume form on .7 is
dH, = —I,dAd?S, and in the second the explicit expression ¥ = 9/ + QH%‘ as well
as the definitions of AM and AJ used in [Wald, 1995]]. We conclude that the linearized

Einstein equations imply the first law of perturbations around a stationary black hole

87 87
- Al 2 = — H V:
” LfSTuv(h)é 1Y AdAd~S K[ 6Tuv(h)§ dH

K
&
For torsion-generating matter, we can follow exactly the same procedure, the only
difference being that we use the Einstein-Cartan equations (3.21)) with the conserved

effective energy-momentum tensor on the right-hand side. The first law follows as
before but with new mass and angular momentum variations

AM = —AA+QpAJ. (3.60)

AM—QHAJ:/ STSy(h)EH dHY (3.61)
H

10T make contact between this ‘physical process’ version of the first law, and the one in terms of
ADM (Arnowitt-Deser-Misner) charges, recall that since we are assuming all matter to be falling in the
black hole, the integral along the horizon equals the integral on a space-like hypersurface X extending
from 28 to a 2-sphere S.. at spatial infinity i. Using again the Einstein equations and the explicit form
of the conserved Noether current (see [Iyer and Wald, 1994], here k is the Komar charge and ® the
Einstein-Hilbert symplectic potential) we find

/ STy (h)EHAH" = / STy (h)EHEY = / (ke —©28) — / ks = AMapy — QuAapy,
H z Foo B

where the final result follows from a standard calculation with £# = 8,” + QH%L . See [De Paoli and
Speziale, 2018 for a derivation of the first law with covariant Hamiltonian methods for Einstein-Cartan
theory.
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determined by the torsion-dependent Tﬁf,f This is consistent with the results of
[Arkuszewski et al., 1974]] mentioned above, where the mass of the external Schwarzschild
has a torsion contribution from an effective energy density profile of the static Weyssen-
hoff fluid compatible with the formula above.

Following the same approach of treating the effect of torsion as an effective energy-
momentum tensor, we can conclude that also the second law of black hole mechanics
is still valid, provided the required restrictions on the energy-momentum tensor of
matter [Bardeen et al., 1973] are applied to the effective tensor (3.22)).

As for the more elusive third law, a discussion would require a prior understanding of
extremal black holes in the presence of torsion, we didn’t face this analysis in our paper
and we postpone this study to a future work.

3.5.1 Jacobson’s thermodynamic argument: two possible deriva-
tions

We want to introduce here a brief discussion on some details of Jacobson’s thermody-
namic argument and consider a different derivation that is motivated by the (backwards)
similitude with the physical process proof of the first law of black hole thermodynamics.
Let us first review the physical set-up and its thermodynamical interpretation. With
reference to Fig. [5.1] we see that from the perspective of the boosted observer the
energy flux is coming out of its ‘white hole horizon’, or as the authors of [Guedens
et al., 2012] put it, ‘one has to think of the heat as going into a reservoir which is
behind the horizon’. We suppose this must be the reason why is defined with a
minus signs with respect to the outgoing energy flux (the future-pointing integration
isdH, = —ludlsz, as we used in Section . An alternative set-up was presented
in [Guedens et al., 2012]], see Fig.[3.2] placing the energy flux in the future of the
bifurcation surface, so to have the boosted observer seeing it falling into its Rindler
horizon. Spacetime is initially flat, in particular 6 = 6,y = 0 at the bifurcation surface.

Figure 3.2. The set-up thermodynamical derivation of Einstein’s equation as proposed
in [|Guedens et al., 2012)]. Local flatness allows to consider approximate Rindler observers
EH around any point P of a given spacetime. The associate Rindler horizon has bifurcate
surface A passing through P. The system is perturbed by a small flux of matter crossing the
future horizon and leaving the right wedge. An infinite family of E* is actually considered,
one per each direction.
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With the same approximations used in (3.45)) (i.e. constant curvature at first order in the
affine parameter from %), one can again derive the Einstein equation from the Clausius
relation. The physical interpretation of the Clausius law is the same: there is a negative
energy flux which corresponds to a reduction in entropy, and assuming an entropy
universally proportional to the area this translates into the focusing of geodesics. But
now the initial heat reservoir is within the domain of causality of the boosted observer,
which is an appreciable feature to have.

Within this *11 set-up, the analogy between the argument and the first law is manifest,
and it suggests an alternative procedure, with the advantage of relaxing the constant
curvature approximation, at the price of an additional assumption. Consider the same
set-up of Fig.[3.2] but let us assume this time that spacetime is initially arbitrary, and that
long enough after the flux has crossed and perturbed the horizon, the latter ‘settles down’
to Rindler again. This is an assumption, which in the case of the first law is motivated by
the no-hair theorem; it has no corresponding backing-up in the case of a Rindler horizon
that we know of, but we observe that the same assumption is used to derive the results
of [?,?]. We can then treat the Raychaudhuri equation not at first order in /, which
implies a constant curvature, but at first order in the metric perturbations, with small but
otherwise arbitrary curvature along the horizon. Thanks to the assumption of Rindler
behavior at later times we can obtain the area variation integrating by parts as in
in the main text, without needing to know the explicit solution to the Raychaudhuri
equation.

Then, using the same steps (i — iii) (with a small energy-momentum tensor 67}y),
but replacing (3.45) with (3.57), we can again derive the Einstein equations. This
alternative derivation has the nice feature, to our taste, of not requiring constant curvature
and energy-momentum tensors, with the consequence of making all dA integrations
really not significative. However it can hardly be considered a more solid derivation,
as we initially hoped, because of the ad hoc ‘Rindler stationarity’ assumption at late
times. This could be removed if we reverse the boundary conditions, and required that
spacetime is initially Rindler, namely at %, and can be arbitrary at later times. However
the derivation does not work unfortunately, unless curvature is constant again, which is
what allows the authors of [Guedens et al., 2012] to reverse boundary conditions with
respect to [Jacobson, 1995].

3.6 Concluding remarks

Prompted by the analysis of [Dey et al., 2017]], we looked at one aspect of conservation
laws in Einstein-Cartan theory. In the sector of invertible tetrads, where one can choose
to split the connection into the Levi-Civita one plus a contorsion tensor, it is immediate
to identify a the conservation law of the energy-momentum tensor 7" for matter from
the Einstein equations. We showed in our analysis that T° can be derived without
using the Einstein equations, starting instead from the Noether identities associated
with the gauge and diffeomorphism invariance of the matter Lagrangian, and relating
them through the torsion equations.

Thanks to this result, we were able to reproduce Jacobson’s thermodynamical argument
[Jacobson, 1995]], and derive the Einstein equations from the equilibrium Clausius
relation. Our derivation is much simpler than the one proposed in [Dey et al., 2017], and
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does not require non-equilibrium terms nor any restriction on torsion. On the other hand,
like in [Dey et al., 2017]], we are only able to derive the tetrad Einstein equations from
a thermodynamical argument, and not the torsion equations as well. This remains an
open question in order to truly extend Jacobson’s argument to theories with independent
metric and connection.

For our construction, we used first the equilibrium set-up of [Jacobson, 1995], in
particular the initial shear vanishes. Non-equilibrium terms have been advocated in
order to relax this assumption [Eling et al., 2006, Chirco and Liberati, 2010, Guedens
et al., 2012], and the same can be done in the presence of torsion: we showed that one
can treat the shear alone as non-equilibrium feature, and still derive the torsion-full
Einstein equations with all the torsional dependence coming from the equilibrium part.
On the other hand, non-equilibrium terms could become crucial if one were able to go
beyond Einstein-Cartan theory, and apply a thermodynamical reasoning to derive the
field equations of modified theories of tetrad and connection with higher order terms,
which typically include propagating torsion (and associated ghosts, see e.g. [Tseytlin.
1982]). It could be interesting if the dissipation present in this case would be associated
with dissipation of energy to the torsional degrees of freedom. From this perspective it
could be intriguing to consider existing condensed matter models in which dissipating
lattice defects introduce torsion [Kroner, 2017].

In the next chapter we gave up the thermodynamical set-up for gravity to focus on the
general problem of definition of conserved charges in the first order formalism. As we
outlined in the introductive chapter, the Noether theorem applies to gauge theories with
no global symmetry (e.g. with no killing vector field fo GR) in a form that it’s known
in litterature as the second Noether theorem [Blau, 2011]] and a direct application of
the theorem states that there are no non-trivial conserved charges. Switching to tetrad
variables we add an extra symmetry to the theroy, the internal gauge symmetry, and
we want to analyse if it brings new peculiarities in the derivation of conserved charges
for gravity. Even this symmetry doesn’t bring physical conserved quantities, as we
expected, we showed in the next chapter that it leads to some subtelties that one should
take care of to have a fair correspondence between the two formulation of GR in tetrad
and metric variables.

3.7 Conventions

We take €,vpc as the completely antisymmetric spacetime density with 9123 = 1, and

EHVPOe,ype = —4!. Ttis related to the volume 4-form by

1
€:= meuvpgdx'u’ AdxV NdxP Adx®, Euvpo =V —8Euvpo- (C.3.1)

We define the Hodge dual in components as

1
(*w(l’) )lJl ey = E@(P) ay..0p €ty Cplty - Hs_p- (C3.2)
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For the internal Levi-Civita density &k we refrain from adding the tilde. We use the
same convention, €123 = 1, so the tetrad determinant is

1 -
e— —EeuKLS“VpGeLeiegeé, (C.3.3)
and we take e > 0 for a right-handed tetrad.
Curvature and torsion are defined by

F(@)=do” + 0" Nog!,  T!(e,0)=dye, (C.3.4)

where d, is the covariant exterior derivative, whose components we denote by Dy, to
distinguish them from the spacetime covariant derivative V; with affine connection Fﬁv.
The relation between the connections on the fiber and on the tangent space is given by
I I 1] I J

Dye, =Thye,, @ =e,Vye" (C3.5)
for @ and I' general affine connections, plus the metricity condition D“n” =0. The
compatibility of the internal covariant derivative and the tetrad means that D fl=
el,V, f¥ and so on.
The commutators of the covariant derivatives satisfy:

[DuaDv]fI = FIJuv(w)fJ> (C.3.6)
Dy, Dy|f = =TP yy(e,@)dp f, (C.3.7)
Vi, Vol fP = RP 6y (D) fC — T 1y Vs P, (C.3.8)
where
Rpouv(D) = eppessFi (@) TPuy(D) =ef Ty (). (C.3.9)

Finally, torsion and contorsion are related by

1
TPy =] T'uy(e,C) = —2C), P = Zl“ﬁw] < Cuvp = 5Tuvp — Ty plu-

2
(C.3.10)
- : P o031 13 11 11
Both torsion and contorsion have spinorial decomposition (3,5) ® (3,3) ® (3,3) ® (3,3)>

which corresponds to three irreducible components under Lorentz transformations (since
the latter include parity). They can be defined as follows [Hehl et al., 1976],

CHVP = CHVP 4 %g““’év] +eMvPoCs, (C3.11)

- - y A 1
g”vC’J’vP - 0 - 8#vng”7vP, CIJV = Cv’”v, Co' = ggguvpcu7\/p. (C.3.12)

As in the rest of the dissertation we use metric signature with mostly plus, and natural
units G=c=h=1.
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Chapter

Derivation of the symplectic potential in
tetrad formalism for GR

In this chapter, we continue the discussion on conserved charges for gauge theories
using a different approach, based on the covariant phase space formalism. The covariant
phase space method is based on the construction of the symplectic potential and the
derivation of the boundary terms arising from the variation principles. To derive the
conserved quantities in this formalism, instead of starting from a Lagrangian and using
the Noether theorem, we start from the action and use the boundary termsﬂ In this case
symmetries are studied as properties of the phase space and the associated conserved
charges correspond to the integral of the hamiltonian generators of these symmetries.
The analysis on conserved charges for tetrad gravity was carried on in the paper [De Paoli
and Speziale, 2018]], we report here our results and some features of the derivation
of the symplectic potential. We use tetrad variables throughout all the discussion and
the exterior calculus which has the merit of compactifying calculations and making
them more readable. In particular this formalism avoids confusion in simultaneous
employment of internal indices and spacetime indices. All formulas are expressed in the
first order formalism, meaning the connection is an independent variable before going
on-shell. This has the advantage of a better comparison with the connection description
like Ashtekar’s phase space at future null infinity and at spacetime infinity. Another
property is that our first order formulas can also be applied to extensions of GR, as
spacetime with torsion that we already introduced int he previous chapter.

Even if a priopri the use of tetrad variables and the Einstein-Cartan action is just a
ridefinition of the theory, it turned out to be non-trivial as one subtlety arises in the study
of the symplectic structure: the phase space derived from the Einstein-Cartan action is
not gauge-invariant and not equivalent to the usual metric one even in the absence of
torsion. As a consequence both the definitions of conserved charges and conservations
laws are different respect to the usual metric one. To face these problems we analysed
the derivation of a symplectic potential, and we showed that it is possible to define a
symplectic structure such that the associated conserved charges match the metric ones
as soon as one restores the gauge invariance of the symplectic potential.

The chapter is divided in the following way: in the first part we derive the symplectic

'In GR the famous boundary term is the Gibbons-Hawking boundary term which consists of the trace
of the extrinsic curvature K.
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structure that arises from Einstein-Cartan action. It consists of the symplectic potential
0, defined as the integral on a Cauchy tridimensional hypersurface of the boundary
terms, and from its variation in the fields space, 2, which plays the role of the metric of
the phase-space. In the second part we compared the tetrad symplectic form with the
metric one for some particular fields variations, and we proved how to solve the gauge
invariance of the first one. We report in the appendix of this chapter[A.2] the notation
that we used for the exterior calculus formalism, and other conventions.

4.1 Introduction and motivations

Covariant phase space methods [[Ashtekar et al., 1991} Crnkovic and Witten, 1986, Lee
and Wald, 1990,|Wald and Zoupas, 2000] provide powerful tools for the study of
symmetries and conservation laws in gauge theories and gravity. These methods have
been successfully applied to tetrad gravity, recovering the metric Poincare charges at
spatial infinity, the first law of black hole mechanics and its generalization to isolated
horizons [Ashtekar et al., 2000b, Ashtekar et al., 2008, |Corichi et al., 2014,/ Corichi
et al., 2016]. Notwithstanding these positive results, the symplectic potential most
commonly used has two unappealing features that we wish to improve upon, and which
motivate this discussion. The first issue consists of the not fully gauge-invariance of
the symplectic potential: the associated pre-symplectic form has degenerate gauge
directions inside the Cauchy hypersurface, but not on its boundary, unless this is taken
at infinity and with appropriate fall-off conditions. This means that the covariant phase
space gives in general non-trivial surface charges for internal Lorentz transformations.
Since when torsion vanishes we would like to recover the same physics as in the metric
theory, such charges appear unphysical to us.

The second and related issue is that, again when torsion vanishes, the symplectic
potential taken from the Einstein-Hilbert action is not equivalent to the one taken from
Einstein-Hilbert action. This difference shows up for instance if we look at a variation
given by a Lie derivative: the familiar Komar term which appears in the metric case
is not present. As a consequence, also the Noether charge is different, which led the
authors of [Jacobson and Mohd, 2015,|Prabhu, 2017]] to point out a potential problem
with the derivation of the first law from the Noether identity, and to propose that in
tetrad gravity the Noether charge for diffeomorphisms should be associated not to a Lie
derivative, but to a modified derivative involving an internal gauge transformation which
depends non-linearly on the tetrad. We will see that solving the first issue automatically
solves the second.

To find a fully gauge-invariant symplectic potential, it is enough to use the fact that
the symplectic potential is defined from an action principle only up to the addition of
an exact form. Our first result is to identify an appropriate exact form that makes the
pre-symplectic form completely gauge-invariant, thus free of internal Lorentz charges
in the absence of torsion. Our second result is to show that the gauge-invariant potential
gives exactly the Komar term when the variation coincides with the Lie derivative,
thus recovering the expected Noether charge. Finally we prove equivalence to the
Einstein-Hilbert symplectic potential for a general variation, in the absence of torsion,
by reproducing the geometric formula of [Burnett and Wald, 1990,|Lehner et al., 2016]
in terms of extrinsic geometry and 2d corner terms. A support for the proposed gauge-
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invariant symplectic potential comes also from the fact that it turns out to match the
boundary term found in [Bodendorfer et al., 2014] using Hamiltonian method and with
the requirement of finding a canonical transformation from the tetrad to the ADM phase
space in the presence of 2d corner terms.

The importance of working with a gauge-invariant potential for generic gauge theories
has been discussed in details in [Barnich and Compere, 2008]], and our construction
shows how this can be done for tetrad gravity.

Having established these results, we look at physical applications, in particular to
asymptotic charges and to the first law of black hole thermodynamics. Since the
modification we propose changes the symplectic form and the phase space structure,
it is not guaranteed that the results in the literature still apply: the exact form affects
the Hamiltonian charges of the theory. For asymptotic Poincaré charges, it is easy to
see that the result of [Ashtekar et al., 2008]] is preserved, since with those asymptotic
fall-off conditions the additional exact form vanishes at spatial infinity.

For the first law, the situation is more interesting. First of all, having recovered the
equivalence with the Einstein-Hilbert symplectic potential, we can immediately show
that using our gauge-invariant symplectic potential the first law follows from the Noether
identity associated with the covariant Lie derivatives, coherently with the metric case.
However, we show that the first law follows also from the non-gauge-invariant potential
and the same Lie derivative, provided that one takes into account the non-trivial internal
Lorentz charge. The latter has the effect of changing the Hamiltonian Killing flow,
because tetrads and connections are preserved by a Killing Lie derivative only up to an
internal transformation, and not identically.

Recovering the first law from the non-gauge invariant potential and the Lie derivative
is in fact not new: it was already proven in [Ashtekar et al., 2000b] using directly
the Hamiltonian generators, not expressing them in terms of the Noether charge and
thus without puzzling over that mismatch. The presence of a non-zero Hamiltonian
diffeomorphism generator was indeed observed in [Ashtekar et al., 2000b], and referred
to as the horizon energy. Our construction clarifies that this horizon energy is the
internal Lorentz charge produced by using a non-gauge covariant potential.
Therefore, we deal with a situation similar to the metric case, albeit slightly subtler.
In the metric case, the first law is invariant under the cohomology ambiguity in the
symplectic potential, because the contribution of the exact form to the symplectic form
vanishes. In the tetrad formalism this is not the case, because the Killing Lie flow
vanishes only up to internal transformations. Nonetheless, the first law is still invariant,
provided one takes into account the non-trivial internal Lorentz charges that can be
present changing the symplectic potential by an exact form.

4.2 Formulation of a gauge-invariant symplectic poten-
tial

We consider the following first order action for Einstein-Cartan gravity (for a review,
see [Hehl et al., 1995]])

A
Sec(e, @) = PIJKL/ d ne! NFEE (@) — ge’ Ne! NeK AL, 4.1)
M
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where we have taken units 162G = 1, and

1 1
Prkr = 2y (NikMyL — NiLNuk) + S ELKL- 4.2)

The action is to be supplemented by appropriate boundary integrals I3; and I, de-
pending on the boundary conditions chosen, see e.g. [Obukhov, 1987, Bodendorfer
and Neiman, 2013/Corichi et al., 2016] for 3d boundaries without corners, and [Jubb
et al., 2017]] in the presence of corners. The coupling constant 7 is referred to as
Barbero-Immirzi parameter in most literatureE] and the associated Lagrangian density
corresponds to the additional dimension-two term VPR, (I") that one can write
in the first order formalismﬂ The variation of the action gives the field equations and a
boundary term,

/ d (P]_][(Lel Nel A 50)KL> , 4.3)
M

which will be the centre of attention of this analysis, for the role it plays in the covariant
phase space formalism.

Let us denote by d6gc(0) the integrand.The theory defined by differs a priori from
general relativity: it is only defined for orientable manifolds, and odd under orientation
inversion, instead of even; it allows for degenerate tetrads hence degenerate metrics; it
allows for non-vanishing spacetime torsion T’ := dge’, if matter couples to the affine
connection @/, In the following, we restrict attention to an invertible, right-handed
tetrad. Then when torsion vanishes @’/ = 10"’ is the Levi-Civita spin connection, (4.1
is equivalent to the Einstein-Hilbert action Sgy and thus the theory to general relativity.
This equivalence extends to the boundary term:

dbic|, .. = dOu, (4.4)

=10

as can be easily seen for instance from

efe}ZlD[u 510)‘1/{ = e#e}’SFli{, (e)=0R— 3(676}’)3Fﬁ{,(€) =G8R—2R 8¢l = g" SRy .
(4.5)
The equivalence (4.4) implies also that the 3-forms are equal up to an exact form,

Ot = Occ|w=10 +d . (4.6)

The question we address here is to find an o for which the equality above holds. It is
motivated by the covariant phase space formalism, which uses the boundary term to
define Noether and Hamiltonian charges of the theory. Let us briefly review the basic
points of this formalism, referring the reader to e.g. [Wald and Zoupas, 2000] for details.
Suppose that the boundary dM of M (which can be the whole spacetime or just a region
of interest) admits a canonical split with the identification of a Cauchy hypersurface
Y. Then the boundary term d6(8) obtained from the variation of a Lagrangian 4-form

ZBecause of the role it plays in the canonical transformation to real Ashtekar-Barbero variables, see
e.g. [Thiemann, 2001].

3For the interested reader, this parameter has an interesting renormalization flow [Daum and Reuter
2010, Benedetti and Speziale, 2011a], with an on-shell logarithmic divergence induced by the simultane-
ous presence of fermions and A [Benedetti and Speziale, 2011b].
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L can be used to provide a symplectic potential on the space of solutions to the field
equations, by taking its integral on X:

0(8) = /29(5). @.7)

This defines a one-form in field space, and its exterior derivative is the pre-symplectic
two-form

Q(61,8) = 610(8) — 50(61) —O([61,8]). (4.8)
Using 8L ~ d6(J), where here and in the following ~ means on-shell of the field equa-
tions, one sees that Q is independent of the choice of hypersurface X if the background
fields as well as the variations d; and &, satisfy the field equations.

The symplectic structure so defined is not unique. First, the explicit form of the
potential depends also on the boundary terms /I35 and I, in the action principle. These
however do not affect the pre-symplectic form since the symplectic potential is changed
by a total variation, therefore the covariant phase space structure is independent of them.
There is nonetheless a certain freedom, since the symplectic potential is defined by the
Lagrangian L only up to an exact form, that is the Lagrangian identifies an equivalence
class

L — {6(6)=06(5)+doa(d)}, 4.9)
where o is an arbitrary 2-form in spacetime and 1-form in field space. This cohomology
freedom does affect the pre-symplectic form, and it is important to test that physical
predictions are independent of it. This freedom plays an important role below.

The simplest set-up for this formalism is when dM = X UL, joined at a 2d space-like
surface, in which case the canonical splitting is obvious. A more general configura-
tion is a topological cylinder, M = X UX, U .7, with the time-like hypersurface .7
connecting the 2d space-like boundary dX; to d¥,. To introduce a canonical split
in this case we typically require that ®(J) vanishes on .7 E| This is a restriction on
the admissible solutions if .7 is in the spacetime bulk, but can become negligible if
the boundary is pushed to infinity, and it is the fall-off conditions on the fields that
guarantee the vanishing of ®(8) on . This set-up is relevant for instance in the study
of asymptotic charges at spatial infinity with A = 0. The appropriate fall-off conditions
for (4.1)) where given in [Ashtekar et al., 2008]]. We will come back to this point below
in Section .4l

The power of this formalism for diff-invariant theories is that it allows one to define
quasi-local Hamiltonian charges for diffeomorphisms as the canonical generators in the
covariant phase spaceE] They are given by the pre-symplectic form with one variation
being a Lie derivative 0g = £,

SH:[Y] := Q(8, 57) :/259(5@—559(5). (4.10)

“This is because data can generically both inflow and outflow off a time-like boundary, making a
canonical split impossible without restricting the phase space. Another useful set-up is when the time-like
boundary is replaced by a null hypersurface .#". In that case we can have a canonical split with non-zero
contribution from .4/, since it is a one-way only membrane, see e.g. [Ashtekar et al., 2000b, Wieland]
201°7b, Ashtekar and Wieland, 2018|].

>Let us remind the reader less familiar with this formalism that for a general diffeomorphisms, these
quasi-local charges are not interesting observables, because their value depends on the shape of the
boundary of X. It is only when & is a Killing or asymptotic Killing vector that the charges are truly
useful.
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Here we assumed that [0¢, 6] = OH and the 0 is there to remind us that the quantity on
the RHS is not always a total variation. Only when it is, the generator integrates to a
proper Hamiltonian charge Hy [Z]m The integrability condition is [y @(8;,8,)2& =0
[Wald and Zoupas, 2000, where o is the integrand of €, and a sufficient condition
familiar from the ADM energy calculations is the existence of a functional B such that
0(6).€ = 8BLE.

The origin of this latter condition becomes clear if we recall the relation between the
Hamiltonian charges and the Noether charges, which do not coincide for diff-invariant
theories. The conserved Noether current is given by (see e.g. [lyer and Wald, 1994])

j(5§) = 9(55)—L4§, 4.11)

since this is the object that is closed on-shell: Using dgL = d(L.§), it is immediate to
see that d j(8g) ~ 0. Furthermore, it is also possible to show that j(J¢) ~ dq(&) for
some 2-form ¢(&) [Iyer and Wald, 1994]. It follows that the Noether charge, defined as
the integral of the currentE] is a boundary term:

0:10x):= [ j(3)~ [ a(®) @12)

To find the relation between the Hamiltonian and Noether charges one takes the variation
of {@.T1), and replaces it in the definition (4.10)) together with the Lie derivative variation
8:0(0) = £:0(8) = dO.E +d(6.E). This gives

SH;[S] ~ 505 (0% — /a _0(6).¢. (4.13)

This shows (i) that the Hamiltonian as well as the Noether charge are surface charges,
but in general differ by a term 6(5).&; and (if) that if 6(5).8 = 6B.&, then SHg [X] =
0Hg (Y] is a total variation and thus integrable. In spite of their close relation, the
Hamiltonian and Noether charges have an important difference: the former changes
only under the ambiguity in defining the symplectic potential, whereas the Noether
current j(Jg ) and charge Qyx (&) are changed also by adding boundary terms I to the
action, which makes them less universal objects than the Hamiltonian chargesﬂ

To make this quick review more concrete, let us recall that for the Einstein-Hilbert
Lagrangian Lgy = (R — 2A)¢e (without boundary terms, for simplicity), we have

Oun(8) = 2gPl0STHLdx,, (4.14)
with d¥, the oriented volume element. Specializing to a diffeomorphism,

Oun(£2) = d(E) +%(2E &) + Ly o€, (4.15)

®This is a customary assumption [Wald and Zoupas, 2000], although it can be argued [Ashtekar et al.|
1991] that it is rather a definition of what we mean by the perturbation of a diffeomorphed solution.

"Since a typical case study is when X has two boundaries, He [X] is also referred to as a flux, leaving
the name charge for the surface integrals whose difference makes up He Y], see below.

8Noether charges for gravity can also be derived without using covariant phase space methods, see
e.g. [Barnich et al., 2000]]. For a derivation of Noether charges for first order tetrad gravity with these
methods, see [Barnich et al., 2016]].

There is also a third ambiguity in the definition of the Noether charge itself, since one can always
add an exact 2-form to it. This ambiguity will play no role in the following.
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where K is the Komar form, in components

Kuv (&) = —€uvpa VPE?, (4.16)

E_ & := (Guv+Aguv)EHdx” contains the field equations, and * is the Hodge dual on
spacetime forms (see the section at the end of this chapter for conventions). It follows
that the Noether charge associated with diffeomorphisms by (#.14)) is the Komar form,

J(8) = Oen(8e) — Len & ~ dx(€). (4.17)

It also enters the Hamiltonian charge,

SHE[X] == Qun(8.8¢) = [ 860u(6) — 3501 (5) (4.182)
:/azax(g)—eEH(cs)Jg. (4.18b)

This equation is the starting point to prove the first law of black hole mechanics.
Coming back to the tetrad action (4.)), we see that it defines the symplectic poten-

tial

Opc(8) := /EOEC(S) = /EPUKLeI/\eJ/\Sa)KL. (4.19)
This turns out not to be equivalent to (4.14) when torsion vanishes, hence a non-zero
o is required in (#.6). The difference shows up prominently when one evaluates the
symplectic potential for a diffeomorphism variation d¢. In the metric case with the
Einstein-Hilbert Lagrangian Ly, we have with the Komar form. When using
tetrads as fundamental variables, we have the additional gauge freedom of performing
internal Lorentz transformations. The action is thus invariant under SO(3, 1) gauge

transformations
Spel =A1e 80" = —dyAl (4.20)

as well as the usual diffeomorphisms,

£eel =del & +d(e28) = doe' SE +do(e'2E) — (0 28)e’ (4.212)
£§(DU —do" &+ d(0VE) =FY € +dy (0" E), (4.21b)

as well as combinations of the two. In particular, we can consider the gauge-covariant
diffeomorphisms

Lee' = dpe' & +dp(e' 1) (4.22a)
Leo" = dpo" & +dy(0" &) —d(" &) =FY ¢, (4.22b)

which are defined adding a gauge transformation to the Lie derivative,

Lé‘ = £§ + 6(042: (423)

10 Another common choice is the opposite polarization, obtained adding the extrinsic geometry bound-
ary term to the action. All considerations in this discussion apply also to this alternative choice, although
some explicit formulae are different.
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These are gauge-covariant, unlike (4.21), and [L¢, 6] = 6,4, ¢ is a gauge transforma-

tion[H]
Taking variations given by these Lie derivatives, the potential (4.19) gives

6EC(£§) = PykL |:€I Ael A FKLJé + 2/ NTY (DKLJé] + d(P]]KLel Ne’ (DKLJé ),

(4.24a)
Occ(Le) = Pykre’ Ne! NFRELE. (4.24b)
Using
1/ 1
Pykre' Ne' NFKEE = 3 ( - }e“ﬁwFaW@l + 2eF“;L§’1> Envpodx’ AdxP A dx®
= (*2E(e) + Len) &), (4.25)

we see that both options differ from ({#.15), even when torsion vanishes. The associated
torsionless Noether current is

j(£e)|lomew = *(2E(e)2&) + d(Pykre’ ne' 1077 LE), (4.26)

which is exact on-shell as expected, but lacks the Komar term (4.16), as also the
current associated to Lg would. Hence @) does not reproduce the Noether charge
of the metric theory with neither £¢ nor Lg. This does not affect the evaluation of the
asymptotic Poincaré charges, see below in Section4.4] but it was argued in [Jacobson
and Mohd, 2015]] to spoil the first law of black hole mechanics. The solution there
proposed was to associate the diffeomorphism Noether charge not to the original Lie
derivative, but to the following mixing of diffeomorphisms and gauge transformations,

Kl = Lzel + (ev[lfé e{,]> e. 4.27)

This indeed produces the Komar term (as shown in [Jacobson and Mohd, 2015}/Prabhu.
2017]], or by direct evaluation of @‘) with o =K ée)l(l)” ), and the same proposal

has been followed for instance in [Montesinos et al., 2017, Frodden and Hidalgo, 2018]].
However, this is not the origin of the alleged problem with the first law, which as we show
below in Section .5 can be derived also from the Noether identity with the covariant
Lie derivative. The key point is that the symplectic potential does not define a
gauge-invariant symplectic structure. To see this, we look at the pre-symplectic form
derived from (4.19). Using the shorthand notation =/ := ¢! A ¢’ and the commutativity
[8,,0] = 0 of gauge transformations and variations of the fundamental fields, we have

QEc(S,al) - 5®EC(61) - 51®EC(5) - —P[]KL/[A,Z][J/\S(DKL‘FSZIJ/\CZQ)AKL -
x

= PykL / 8(dpZAKE — Pryger, /a STVAKE,
> 5
(4.28)

""The reader familiar with the Hamiltonian analysis of (4.1) will recognise these two covariances as
those associated respectively to the generators

Do =Ca— Gy, Ca=—2P}F)].

see e.g. [Thiemann, 2001].
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where we used

ST NdpA KL = d(STV AKL) — (d STV )AKL = a(SEM AKL) - (6(dw2”) + [5w,2]”>7LKL,
(4.29)

and
Pkt <[7L,Z]” ANEo* —[sw, Z]’”L“) =0 (4.30)

which follows from the Jacobi identity.

On-shell of the field equations, the first term in (4.28)) vanishes (or in the presence
of torsion it would cancel against the source term coming from the matter contribution
to the symplectic potential), and we are left with a surface term, which gives the
non-vanishing Lorentz charge

SH; = Qpc(8,8)) = —P,JKL/()Z SxH KL, (4.31)

This means that the symplectic structure induced by Qg has degenerate gauge directions
in the bulk of X, but not on its boundary. Again this fact is well-known in the literature,
see e.g. [Corichi et al., 2016,Frodden and Hidalgo, 2018]. While in a gauge theory
this is a rather natural fact with a physical meaning, we find it unpalatable in this
gravitational context because it would assign charges that are not there in the metric
theory, making the covariant phase spaces inequivalent even in the absence of torsion.
A fully gauge-invariant symplectic structure can be easily obtained using the ambiguity
(4.9) in the definition of the symplectic potential. We find that the required exact form is

1
/ o(6):= / —e NSej+xe! NSej = —PUKL/ eI/\eJepK5eﬁ. (4.32)
) ox Y )y
In fact, a simple calculation shows that
/ 50(8;) — 8, 0(8) = Py / §(e' A AKL, (4.33)
X ox

which cancels the surface term in (4.28). The corrected potential

1
©L.(8) 1= Oue(8) + [ da(5) :PIJKL/e[/\eJ/\Sa)KL+ “e A Sep+xel ASe
ox ) P4

(4.34)

is thus gauge-invariant. Notice also that it satisfies ©/,.(8; ) = O for vanishing torsionE

As it turns out, the very same exact form allows us also to recover precisely the

Komar expression from a Lie derivative variation. To see this, let us first notice the
following identity

Migell = DUEN 1) Y, (4.35)

2For a gauge transformation

Okc(0y) = /EPIJKde(el Nel)AKE — /az Pykre’ Ael AKL

is a pure boundary term when torsion vanishes, cancelled by the addition of (4.32) since ePX ) ef; = —A K%
One could also use this argument to deduce the boundary subtraction term (4.32)
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where D;&; = ef‘ e}V, &y is the covariant derivative corresponding to dg,. This implies
that

a(Lé)’a)”:m)”: —P[J[(Lel /\eJDKéL = K(é) - — *K(é). (4.36)

The last piece is the trivial Komar charge xkyy (&) = 21V|,&,), similar to the trivial
charge associated with the topological Lagrangian e*VP°F,;y F, in YM theory. This is
an exact form; it does not contribute to the boundary integral, and we disregard it in the
followingE-I Putting together with (4.24b)) we find

Oc(Le) = Bec(Lg) +da(Le) = Pykre' Ne! NFRELE +dk(E) = Be(£s), (4.37)

where in the last step we used (4.25). The gauge-invariant symplectic potential
reproduces precisely the metric result in the absence of torsion

For these reasons, it seems to us that (4.34) provides a better symplectic potential
for the EC theory than the simple boundary term alone: it satisfies our desiderata

O (Lé)‘a,u:lwu:@r:ﬂ(fg) (4.38)

and
Qr.[6,,6]=0. (4.39)

As further support for the use of (4.34), we remark that it matches the boundary term
derived in the Hamiltonian analysis of [Bodendorfer et al., 2014, starting from the
requirement of having a canonical transformation of connection variables to the ADM
phase space in the presence of corners. Here we derived it from the requirement of full
gauge-invariance of the pre-symplectic structure in the covariant phase space

4.3 General variations approach and equivalence to the
metric casa

Properties (4.38)) and (4.39) were the ones we cared the most for. However, it is only
a few more steps to prove that the equivalence extends to arbitrary variations. In this
Section we prove that

®;~:C(6)|wu:1wu = ®EH(5), (4.40)

namely that ¢(8) defined in (¢.32) satisfies (4.6).

In tensor language, a geometric expression for the generic variation was given in [Burnett
and Wald, 1990]], and more recently rederived in [Lehner et al., 2016|]. Using the notation
from the latter paper cited, one has

1 B8 (8) = 2n, g1 STHL = —28K + Kup8g™ — sV, 5A%, (4.41)

131t would be however non-trivial in the presence of torsion.

14We point out that this equality holds also with the non-gauge-covariant derivative, since BE’C(;E@) =
Géc (L§ ) + 2P1]KL€I AT! (DKLJé .

SWhen the paper [De Paoli and Speziale, 2018] appeared on the archives, Matthias Blau showed us
some unpublished notes where he had also constructed the same gauge-invariant potential and proved the

property (.38) [Blau, 2018].
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where the notation is as follows: ny is the unit normal to X, with signature s := n’ =+l
and projector gy := guy — snyny; Kyy 1= qﬁqe Vne is the extrinsic curvature of the
hypersurface. The authors of [Lehner et al., 2016] pick coordinates y*(x*), a = 1,2,3
to parametrize X, and r£' := dx* /y* define tangent vectors and the induced metric
qab = quvt(f t) with determinant g. Finally, Iy = g%t guvt, are the inverse tangent
vectors, V, the induced Levi-Civita covariant derivative and 6A® := —stj;6n* captures
the variation of the normal-tangential components of 6g*Y. For our purposes, it is
convenient to rewrite this formula in a covariant way, without using tangent vectors and
hypersurface tensors. To that end, we denote by 7 the unit normal to the space-like
boundary X within T*X: it satisfies 7> = —s and fyn* = 0 (and in the case when it is
time-like we take it future oriented). Since 3tﬁ = 6A“n“, the second term in (4.41) can
be rewritten immediately in covariant form,

Kaup8q™ = Kuy8g" = —2K]' Se),. (4.42)

As for the boundary term we have

—s/Da5A“dZ: —s/ Faty OntdS = —s/ Fuqydn'dS = —s/ Fuontds,
z ox ox

Jx
(4.43)
where d¥ := /—sqd’y and dS are the induced volume elements on £ and 9X. Hencem

$@pn(8) = /Z 1,68 (8)d=

- /Z [_25(1(\/ —5q) + (Kuvy —KC]uv)\/—sq5q“v]d3y—s/aEfHBn“dS.
(4.44)

We will take advantage of this formula to establish the equivalence (4.40), by proving
that

0/-(8) = B (8) + do () equals the RHS of (4.44) for vanishing torsion and right-
handed tetrads.

First of all, we need an identity which allows us to rewrite the symplectic potential with
the hypersurface unit normal n,, explicitly appearing:

1
—SIJKL/eI/\eJ/\S(DKL: —2/65(017111’112 —SEUKL/eI/\e]/\5a)LMnKnM.
X r r

2
(4.45)
To see this, we use the tetrad identity (C.4.6) before and after using nXnM = s(n&M —
g*M), getting

SUKLS“VPGeIIJ e{,SngncnKnM = 2se 60)[7]J7’lj
vpo I J KL L KM
= —sgyxLetVP euev(Swp + 560qu e

= —SSIJKLgﬂvPc;eL e{,5w§Lng + 2se 5wK,LMqKMnL.
(4.46)

Since in the last term we can replace g5 with nX™ we obtain

EIJKLS“VPGeLe{ﬁngnG =4e 6(1)1_‘”?1], (4.47)

161t is by the way in this covariant form that the equation is presented in [Burnett and Wald, 1990].
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from which (4.45) follows. Another needful identity concerns the 1/ piece of @gc: we
have

/e;/\ej/\&o”:/ (TI/\eJ(efSe{,)—eI/\STI>—/ el A Sey, (4.48)
b ) ox

which can be shown using a)[ij =M Vu efl and integrating by parts.
Next, we consider the following boundary term [[Obukhov, 1987,|Bodendorfer and
Neiman, 2013,|Wieland, 2013]],

Iy = 2/ Pyxre' ne! Anfdgn® = 2/ e;‘D”nle = 2/;(‘12 (4.49)
x b2 =

which represents an ‘affine’ version IO{ of the extrinsic curvature — in the sense of
being defined without referring to the Levi-Civita connection —, and which reduces
to the extrinsic curvature K if there is no torsion. The equality in the middle follows
using |D and nIDunl = 0. Notice also that the term proportional to 1/y vanishes
identically. We then compute its variation, which gives

Sy = / EIIKL [25e1 ANe! Anfdont + e Ne' A (SanwnL +nXdy,ént + 5a)LMnKnM)}
b
= / €KL [2561 Ne! AnKdpnt + e Nl A (25anwnL — %5(0[“) +2e A TJnKSnL]
)
+d(grgxre’ Ne'nKdnt) (4.50)

where we used (4.45)). The second term vanishes since n’ is unit norm, and isolating the

symplectic potential in (4.50) we find

§Oc(6) = 81jKL/ -0 (el Ael A anwnL) +28e' N Anfdnt +2¢! AT K Snt
T
(4.51)
+8UKL/ el ne!nKsnl + E/ e;NesANSw'.
ox YJz

We now compare this expression for @ = 1@ and 7 = 0 with (4.44). The first term in
(@.51) gives immediately the first term in (#.44)), thanks to (4.49). The matching of the

second terms in (4.51)) and (4.44) is also easily established:
2epKL / sel Ne! AnKdgnt = -2 / (g/ Vynt — e} VpnP)Se, dx (4.52)

T )
— /)E (K" — Kel')Sel dx,

which coincides with the second term in (4.44) when torsion vanishes. It remains to
look at the boundary term of (4.50), which in tensor form gives

8IJKL/ ' Ne'nfont = —4/ n[KfL]nKSnLdS (4.53)
ox Jx

— o / P S = —2s / (Pt + Fn 5L dS.
ox ox

54



As expected, this surface term alone fails to reproduce the surface term in (4.44). This
is fixed by the correcting term (4¢.32)), which gives

sda(8) = —sP / e! Nel ePK et :s/ nt#8el —tn Sel dS+£/ e ASe
( ) 1JKL 5 p 82( 1 u 1 'u) y 5 1
(4.54)

The piece in 1/ cancels the last term of the second row of (4.51)) when torsion vanishes,

see (4.48)). Adding up . and the y-less part of . and using 5( nt#r) =0 we

obtain

— (27, 8nt + #n* Sej, + M Se,) = —s (27 St — £y St —n! 871 —ny S —F 8ny) = —sfy Sn,
(4.55)

where the final equality follows from #/8n; = —n;6# which cancels the third with the

fifth term, and n, 67* = —*ony = (s/2)Mnyunpns0¢P° = 0 which cancels the fourth.

We have thus proved (4.40).

4.4 Analysis of the Poincaré charges at spatial infinity

Since the modification we propose changes the pre-symplectic form, we should check
that it does not spoil established results, such as the recovery of Poincaré charges at
spatial infinity with A = 0. It was proved in [Ashtekar et al., 2008] that the original
symplectic potential vanishes on 7., a necessary condition for the canonical split
without reducing the phase space, and that it leads to the correct Poincaré charges as in
the metric formalism. Furthermore, the authors showed that the non-gauge-invariance
of vanishes in the limit to °. This already signals that our modification will
vanish in that limit, hence preserving those results. Let us show this explicitly, using
the boundary and fall-off conditions of [Ashtekar et al., 2008]

One chooses a reference flat metric 1),y for the asymptotic behaviour, with hyper-
bolic slicing given by p? := Nuvx*x" and three angles collectively denoted by &. Then
the fall-off conditions appropriate to Poincaré symmetries are given for the tetrad by

1.1 b
el, = Yl () + e“p( ) +0(p?), (4.56)
with
%, (@) =8},  'ey(@)=0(P)(2pup’ — %)), (4.57)

o (®) a reflection-symmetric arbitrary scalar function and p, := dyp.
We then have at leading order

/ 510(8,) — 5r1(81)
)M

= —PIJKL/az [(2%,[5(51 1)) 0pPK Oegoej]( epK))(52 5)— (81 ¢ 52) sds*Y
(4 58)

17These we recall are slightly stronger than strictly necessary, as they are chosen also to eliminate the
logarithm and supertranslation freedoms from the asymptotic symmetry group. It would be of course
interesting to study relaxations admitting supertranslations, see e.g. [Henneaux and Troessaert, 2018]], as
motivated by [Hawking et al., 2016].
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which vanishes exactly using and the antisymmetry in KL. The exact form we
added gives no leading contribution to the pre-symplectic form in the limit to , and the
recovery of the Poincaré charges established in [Ashtekar et al., 2008]] is left unaffected.

4.5 Study of first law of thermodynamics with the sim-
pletic formalism

We now show that our symplectic potential permits to derive the first law of black hole
mechanics from the Noether charge associated with a Lie derivative, just like in the
metric case [lyer and Wald, 1994]]. For the application of the formalism to derive the
first law of black hole mechanics, we take a stationary and axisymmetric background
solution, A = 0, and choose X to be a Cauchy hypersurface with two boundaries, one at
the bifurcation surface % and one at spatial infinity S... We take £ to be the Killing
vector that generates the horizon. Consider first the metric case. Since £# is Killing, all
variations &g vanish and by linearity also the Hamiltonian charge,

SH; = Qp(8,8;) = 0. (4.59)

Recalling the expression (4.18b) in terms of the Noether charge, we find a conservation
law between surface charges at the bifurcating surface and at spatial infinity,

[ 6x@) = [ 6x(&)—0uu(8)-£. w60

where we used that fact that £#| 4 = 0. If the perturbations are asymptotically flat and
solution of the linearized field equations (but otherwise general), this equation evaluates
to the first law of black hole mechanics (see e.g. [Iyer and Wald, 1994]@

2k6A = M — Qg dJ. (4.61)

Crucially, this first law is invariant under 0 — 6 + d«, since the contribution of this
ambiguity to (4.59) always vanishes:

d(8a(8;) — 8:(8)) =0 (4.62)

To see this, use the fact that a(3) depends linearly on the variations and that 6z = 0 on
the background fields. The quantity in square brackets then gives (68¢) — (8¢ 6) =0
since [J, 6] = 0.

If the same state of affairs held in the tetrad formalism, we would agree with the argu-
ment given in [Jacobson and Mohd, 2015,/Prabhu, 2017]): neither options presented in
(4.24) give the Noether charge of the metric theory, and since the first law should be
invariant under redefinitions of the symplectic potential, we are left with the only possi-
bility of looking for a new transformation to which the first law should be associated.

8Notice that in this situation the (trivial) Hamiltonian charge is integrable, so both sides of
are total variations: this is manifest for the LHS, for the RHS it follows from the standard ADM energy
result plus the fact that d, is tangent to S... This property is on the other hand not manifest in the final
expression (4.61) of the first law, where it is guaranteed by identities relating the variations of the various
quantities appearing.
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The problem we see with this argument is the assumption that (4.59) still holds in the
tetrad theory, namely the requirement that for a Killing vector, £¢ e! = 0. This is not
necessary, and can lead to inconsistencies; it is enough to require that

Lgel = ),gljej, (4.63)

since this automatically preserves the metric. Contracting with the inverse metric, we
get an expression for the gauge transformation:

lélj — —epILéelj) — _D[léﬂ’ (4.64)

where we used (4.35)) in the absence of torsionF_gI Notice that it does not vanish on a
bifurcating surface where £#* = 0. This immediately means that

SH; = Q(5,L) = Q(5,8,), (4.65)

namely the Killing diffeomorphism generator for a general potential is an internal
Lorentz charge.

Using the gauge-invariant symplectic potential @, the Lorentz charge is zero, see
(4.39), and thus from l) the vanishing 6 Hg = 0 of the diffeomorphism generator
associated with a Killing vector is preserved. The Noether charge contains the exact
Komar form, see @ (there is a priori another ambiguity in the cohomology of K,
but this is irrelevant for the first law since the boundary of a boundary is zero), and
the symplectic potential reduces to the one of the Einstein-Hilbert action, see (4.40).
Hence gives back precisely the conservation law (4.60)), and the first law follows
as usual. We conclude that our gauge-invariant potential associates naturally the first
law to the invariance of the action under (covariant) Lie derivatives.

One may wonder whether the invariance of the first law under the ambiguity (4.9) is
lost. This is not the case. In fact, we now show that the first law can also be derived
from the non-gauge-invariant potential and the same Lie derivative, without need
for the non-linear object (4.27) of [Jacobson and Mohd, 2015]| or the automorphism
construction of [Prabhu, 2017], provided one takes into account the presence of a
non-zero Lorentz charge. Starting from the non-gauge-invariant potential (4.19)) and
using (4.63), the Hamiltonian generator (4.65) for a Killing vector does not vanish
anymore but coincides with the Lorentz generator@ This evaluates to

Quc(B,Lg) = Quc(8.8;,) = - /a _Puk8(el neag, (4.66)

where we used (4.28), which is valid also for a field-dependent gauge parameter
like A¢ since the contribution from its variation is cancelled by the commutator term

19The reader may worry whether the invariance up to a gauge transformation of the tetrad under an
isometry is consistent with the transformation of @'/, namely whether

Leo" =FY g 2 —dpAl =doDIE".
The equality is indeed satisfied as it is nothing but the familiar Killing identity RouvpE® =V, Vi &y

expressed in the tetrad formalism.
20A fact that can also be taken as motivation to prefer the gauge-invariant potential.
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Oxc([0, 515]) which is in this case not vanishing.
To evaluate the hand side, we could compute the Noether current associated with Lg; ,
but we can also use (4.23)) and the bilinearity of the symplectic form to derive

The first piece gives
Quc(8,£2) = /az 8j(£e) — Buc(8) 2 = /82PUKL5(e[/\e] OKLLE) — Ou(8) 1€ + dau(8) &
_ /a PuxL [e’ ne SAEE £ 8 Ae) a)KLJ.g} B (8) €, (4.68)
X

where in the second equality we used (4.26) on-shell, and the equivalence (6gc +
dat)|yi7_ o7 = Oy previously established; in the last step we used

/a do(8)E = ; £§a(5):/a PUKL[eI/\eJSQLéKL—el/\eJSwKL_né . (4.69)
X X x

This can be proved by explicit calculation using (4.32) and (4.64)), but also observing
that

£:0(8) = Lea(8) = 8, 0(8) + (8,8, — 8, ) = (8,8, ~ Bp.c)).  (470)

which follows using 0, () = 0 for a gauge transformation and (4.64) for the back-
ground fields ¢:

Leo(¢,69)=(Le9,00)+ (e, L:69) =0, 0(¢,60)—(9,[0;,,6]9)+a(9, L, 5]9)

4.71)
and [Lg, 8] = [J4 ¢,0]. The second piece in (4.67) is again a Lorentz charge,
Quc(8,8,) = /a Puki8(el ne') oL LE, 472)
X

and cancels the second term in (4.68). We can now equate (4.66) to (4.67) with the
above manipulation, and derive

—/aZP]J[(L5(eI/\€J>A§KL = /azPUKLeI/\eJ 5},§KL— GEH(S)Jé 4.73)

Finally, notice that
/ Puykrd(e' ne’ AE) = —/ Pykr8(e' Ne'DRER) = / SKe, (4.74)
ox o o

hence gives the same identity as the metric and gauge-invariant symplectic
potential calculations, from which the first law follows. The Lorentz charge is thus
crucial to recover the Komar form and the first law using the non-gauge-invariant
symplectic potential and the ordinary Lie derivative.

We conclude that also with the original potential (#.19) the first law follows from the
Noether identity and Lie derivatives. This is consistent with the findings of [Ashtekar
et al., 2000b]], where the first law for stationary black holes and more in general for
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isolated horizons was recovered from the second equality in (4.18a)), without going
through the Noether current expression (4.18b). In [Ashtekar et al., 2000Db] the internal
Lorentz symmetry at the isolated horizon was fixed, and the non-vanishing of (#.65))
indeed noticed, and referred to as horizon energy. Our results show that this is nothing
but the Lorentz charge.

The bottom line of the derivation of the first law with the non-gauge-invariant
potential and the Lie derivative is that the Komar charge, absent from the symplectic
potential, pops up through the Lorentz charge giving the diffeomorphism Hamiltonian
generator. This simple reshuffling restoring the first law extends to any symplectic
potential in the equivalence class (4.9). Therefore, there still is a perfect invariance
of the first law under the cohomology ambiguity in the symplectic potential, albeit in
a subtler way than in the metric case. The subtlety is that adding an exact form to
the symplectic potential can introduce surface Lorentz charges, which in turn provide
non-zero charges also for the Hamiltonian generators of Killing isometries. These have
to be taken into account if one wants to recover the first law from the covariant Lie
derivative alone.

Let us also compare our results with those of [Jacobson and Mohd, 2015, Prabhu, 2017]].
There it was acknowledged that the symplectic potential is not gauge-invariant, and
it was shown that one can still work with it and define Hamiltonian diffeomorphism
charges vanishing for Killing vectors, provided these diffeomorphism are not associated
with Lie derivatives alone, standard or covariant, but with automorphisms of the tetrad.
This construction uses the non-linear object whose action depends on the tetrad
also when acting on other fields, and whose extension in the case of an affine connection
with torsion is unclear to us. Our findings show that there is a simpler alternative:
keep the covariant Lie derivative and switch to a gauge-invariant potential, or keep
the non-gauge-invariant potential but take into account the Lorentz charges and the
non-vanishing of (#.63). This said about our alternative, we remark that the motivations
of [Jacobson and Mohd, 2015}|Prabhu, 2017] include topological issues and smoothness
of fields; we have not looked at these aspects, so we are not in a position to assess how
they would change our results.

4.6 Conclusions

In this analysis we have proposed a gauge-invariant symplectic potential for tetrad
general relativity, implementing what discussed for generic gauge theories in [Barnich
and Compere, 2008]]. See also [Donnelly and Freidel, 2016,/Gomes and Riello, 2018]]
for additional discussions on the importance of gauge-invariance of the phase space.
Our construction uses the freedom to add exact spacetime forms, namely corner terms,
to the symplectic potential. A gauge-invariant symplectic potential cannot be directly
read off from the action, but additional input is required in the choice of the right corner
term, which in turns determines the covariant phase space and resulting Hamiltonian
fluxes/surface charges.

The gauge-invariant potential eliminates what we see as spurious internal Lorentz
charges produced by the symplectic potentials used so far in the literature. It does not
change the Poincaré charges at spatial infinity, since the gauge-breaking terms vanish in
that limit. It plays a key role on the other hand in deriving the first law of black hole
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mechanics from the Noether identity associated with the Lie derivative and a vanishing
Killing Hamiltonian flux, like in the metric theory.

We also pointed out that the derivation of the first law from the covariant Lie derivative
is in the end invariant under the cohomology ambiguity in the symplectic potential, and
thus independent of having chosen a gauge-invariant one: it suffices to take into account
the non-trivial Lorentz charges that can be present. The technical statement is that
the invariance of the first law under the ambiguity 8 — 6 + d o, which is guaranteed
in the metric theory by the fact that for a Killing field we have Q(§, 5;7:) =0, it is
now correspondingly guaranteed by the (6, L¢ ) = Q(9, 515 ). Therefore, the first law
is recovered with a non-vanishing Killing Hamiltonian flux if one uses the original
potential, while a vanishing Killing Hamiltonian flux if one uses the gauge-invariant
symplectic potential.

Our gauge-invariant symplectic potential turns out to be exactly equivalent to the
Einstein-Hilbert one when torsion vanishes and for arbitrary variations. This was not
granted a priori since they could have differed by gauge-invariant exact 2-forms, e.g.
terms written directly as variation of the metric. The proof was based on some identities
for differential geometry with tetrads that allows us to recover variations of extrinsic
curvature and 2d corner terms.

For simplicity, we have neglected boundary terms in the action, and the explicit contribu-
tion of matter fields. Boundary terms and topological terms can be added following the
previous treatments [Corichi et al., 2016,Jubb et al., 2017|]. The matter contribution is
worth exploring: we have settled the issue of the equivalence of the symplectic potential
when torsion vanishes, this can now be used to study the contribution of torsion to the
charges.

Among the applications of our results we mention the study of boundary degrees of free-
dom, in particular the 1 /7y term in has been shown to lead to an interesting descrip-
tion in terms of a conformal field theory on the boundary [Freidel et al., 2017al|Wieland!
2017a,|Geiller, 2018]]), and it would be interesting to see if and how that description is
affected by our results. A related issue concerns calculations of entanglement entropy
based on the action (4.1)), see e.g. [Ashtekar and Krishnan, 2004, Bodendorfer, 2014].
Finally, approaches to quantization suggest to endow the covariant phase space methods
within the Batalin-Fradkin-Vilkovisky framework, which for the non-gauge-invariant
potential @ has been discussed in [Cattaneo and Schiavina, 2017].

Throughout our analysis we restricted attention to non-null hypersurfaces. A sym-
plectic potential for tetrad gravity giving vanishing internal Lorentz charges can also
be obtained when the 2d corner hinges between a space-like and a null hypersur-
face [Wieland, 2017b, Ashtekar and Wieland, 2018]. Quasi-local charges and con-
servation laws are even more interesting when one considers null hypersurfaces (see
e.g. [Ashtekar and Streubel, 1981, Wald and Zoupas, 2000,Reisenberger, 2013,Hawking
et al., 2016,(Wieland, 2017b,Hopfmiiller and Freidel, 2018]]) and it is natural to ask how
our results extend to that case. In the following chapter we explored the Hamiltonian
structure of Einstein-Cartan gravity on null hypersurfaces preparing tools for a future
study of a symplectic potential for a null foliations.
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4.7 Conventions

We define the spacetime Levi-Civita density €yps as the completely antisymmetric

object with £9123 = 1, and E#YP%¢,, 55 = —4!. We denote the spacetime volume form
as .
€= Eguvpgdxu /\dxv /\dxp /\d.xo, euvpg = _gguvp(y (C41)

The Hodge dual % : A? — A"? is defined in components as
(]7) . 1 (p) oq..0p
(O )yt = ];(0 Eoy..opty iy (C4.2)

For (non-null) hypersurfaces, we use the following conventions: if the Cartesian equa-
tion of X is ¢(x) = 0, the unit normal is

S

ny = @,  s:=n®==+l, (C.4.3)
8 \/8P°p 0I5 3
and the induced volume form
82 = an, SEVP = nGSO'/va, dzfu — Snudz (C.4.4)
On a space-like surface S within X, with unit normal 7, we have 72 = —s and the
induced area form
e =e"F, €, =" "o (C.4.5)

For the internal Levi-Civita density &;x;, we refrain from adding the tilde. We keep the
same convention, €23 = 1, hence the tetrad determinant is
1 - I J KL nov ~ KL
e = _HEIJKLguvPGeuevep €5, 464 ej} = —SIJKLSMVPGep €5, (C.4.6)

and we take e > 0 for a right-handed tetrad.
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Chapter

Initial constraint free data in real
connection variables

In this last chapter, we extend our analysis of tetrad gravity on a null foliation of the
spacetime. This work reported is based on pubblished paper [De Paoli and Speziale,
2017 in which we use the Hamiltonian formalism on a null foliation and the natural
action boundary term to identify the constraint free initial data. At different level respect
to the previous chapter analysis, where the symplectic potential was derived without
considering any vanishing variations of the field at boundary, here we fixed suitable
degrees of freedom on null hypersurface. As results of this procedure we are able to
identify the physical phase space of the tetrad formulation determining the explicit form
of the constraints in term of such physical variables. This identification of the physical
degrees of freedom is propaedeutic to the covariant formulation of the phase space,
discussed in the previous chapter, for a null boundary.

5.1 Introduction

Null foliations play an important role in general relativity. Among their special features,
they admit a gauge-fixing for which the Einstein’s equations can be integrated hierarchi-
cally as well as constraint-free initial data can be identified, like shown by Sachs [Sachs|
1962a]]. Precisely the null foliations provide a framework for the description of grav-
itational radiation from isolated systems and of conserved charges, starting from the
seminal work of Sachs, Bondi, van der Burg and Metzner (henceforth BMS), New-
man and Penrose (NP), Geroch and Ashtekar [Bondi, 1960,/Sachs, 1962b,[Bondi et al..
1962,[Newman and Penrose, 1962| Penrose, 1980,Penrose, 1963, Penrose, 1965, /Geroch,
1977, Ashtekar, 1981, /Ashtekar and Streubel, 1981,|Ashtekar, 2014 (see also [Madler
and Winicour, 2016, Wald and Zoupas, 2000,/ Barnich and Troessaert, 2011]] and ref-
erence therein). These classic results are based on the Einstein-Hilbert action and the
spacetime metric as fundamental framework, and they provide a clear geometric picture
of the physical degrees of freedom of General Relativity at the non-linear level. In this
chapter we wish to understand some of these results using as the previous chapters a
first-order action principle with real connection variables. In particular, we will identify
the equivalent of Sachs’ free data in terms of some connection components (which will
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be related to the translational part of the ISO(2) group stabilising the internal null direc-
tion soldered to the hypersurface), and highlight some properties of their Hamiltonian
dynamics.

We have several reasons to investigate this problem as follows. First of all we know
from the work of Ashtekar that the radiative physical degrees of freedom at future
null infinity are best described in terms of connections [Ashtekar, 1981, Ashtekar and
Streubel, 1981]ﬂ We then wish to provide a connection description of the physical
degrees of freedom in the spacetime bulk, in the sense of constraint-free initial data
for the first-order action. Secondly, the connection description later led Ashtekar to
the famous reformulation of the action principle of general relativity [Ashtekar, 1986],
which is at the root of loop quantum gravity. This approach to quantising general
relativity suggests the use of connections as fundamental fields, instead of the metric.
There exists a canonical quantisation scheme that leads to the well-known prediction of
quantum discreteness of space [Rovelli and Smolin, 1995]. This result uses space-like
foliations, and the dynamical restriction to the quanta of space imposed by the Hamil-
tonian constraint are still not explicitly known. Quantising with analogue connection
methods the constraint-free data on null foliations would allow us to study the quantum
structure of the physical degrees of freedom directly

As a preliminary result in this direction, it was shown in [Speziale and Zhang, 2014
that at the kinematical level, discretisations of the 2d space-like metric have quantum
area operators with a discrete spectrum given by the helicity quantum numbers. A
stronger more recent result appeared in [Wieland, 2017al], based on covariant phase
space methods and a spinorial boundary term, which confirms the discrete area spectrum
without a discretisation. The aim of our analysis is to extend these results within a
Hamiltonian dynamical framework.

The Hamiltonian dynamics of general relativity with real connection variables on a
null foliation appeared in [Alexandrov and Speziale, 20135]], presenting bit intricated
structures, like the conversion of what Sachs called the propagating Einstein’s equa-
tions into (tertiary) constraints. In this study, we present three results. First, we use
the Newman-Penrose formalism to clarify the geometric meaning of the various con-
straints present in the Hamiltonian structure studied in [Alexandrov and Speziale, 2015].
Second, we identify the connection equivalent of Sachs’ free data as the ‘shear-like’
components of an afﬁn null congruence; we show how they reduce to the shear of a
null geodesic congruence in the absence of torsion, and how they are modified in the
presence of torsion; we use the Bondi gauge to derive their Dirac brackets, and show the
equivalence with the metric formalism at the level of symplectic potentials. Third, we
explain the origin and the meaning of the tertiary constraints, and we point out that the
algebraic Bianchi identity responsible for the conversion of the propagating equations
into constraints is the same one that allows the interpretation of the radiative data at
future null infinity .# .

! Another class of null hypersurfaces for which the connection description plays an important role
is the one of isolated horizons [Ashtekar and Krishnan, 2004} /Ashtekar et al., 2000a,|Ghosh and Perez.
2011]).

“For recent work towards the same goal but in metric variables, see [Fuchs and Reisenberger, 2017]).

3In the sense of being given by an affine connection, a priori non-Levi-Civita, not of being affinely
parametrised.
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The identification of the dynamical part of the connection with null rotationsﬂ (related
on-shell to the shear) is a striking difference with respect to the case of a space-like
foliation, because these components form a group, albeit a non-compact one, unlike
the dynamical components of the space-like formalism which are boosts. We have thus
two senses in which a null foliation gives a simpler algebra:the first-class part of the
constraint algebra is a genuine Lie algebra (thanks to the fact that the Hamiltonian is
second class), and the connection physical degrees of freedom form a group.

This chapter is organised as follows. We first review the background material on the
Hamiltonian structure on null foliations that we didn’t presenti in the review chapter
(2). In the second section, we discuss the use of Bondi coordinates and identification of
constraint-free initial data and their symplectic potential in metric variables. In Section
3, we restated this analysis in terms of connection variables. In Section 4, we map
the non-adapted tetrad used in the Hamiltonian analysis to a doubly-null tetrad, we
identify the constraint-free data and study the effect of the constraints on an affine null
congruence. We describe the modifications induced by torsion in the case of minimally
and non-minimally coupled fermions, as well as in the presence of a completely general
torsion. We rederive the conversion of the propagating equations into constraints using
the Newman-Penrose formalism, and single out the algebraic Bianchi identity responsi-
ble for it. In Section 5 we specialise to Bondi coordinates, we discuss the Dirac bracket
for the constraint-free data and the equivalence of the symplectic potential with that
one in metric variables. We finally highlight that the same algebraic Bianchi identity
relevant to the understanding of the tertiary constraints plays an interesting role for
radiative data at .# ", In Section 6 concluding remarks follow. We also provide an
extensive Appendix containing technical material. This includes the detailed relation of
our tetrad foliation to the 2 + 2 foliation used in the literature, of the metric coefficients
we use to those of Sachs and of Newman and Penrose, the explicit expression of all NP
spin coefficients in the first-order variables, and some details on the mixing between
internal boost gauge-fixing and lapse fixing via radial diffeomorphisms.

For the purposes of this analys, we will mostly restrict attention to local considerations
on a single null hypersurface. Moreover we neglect boundary conditions and surface
terms. These carry of course very important physics, as discussed in the previous
chapter, but we will address the study of null boundaries as future perspective.

5.2 Hamiltonian formulation and the problem initial
data

Before presenting the first-order connection formulation, let us review some basic facts
of the metric formulation, that will be useful in the following: the details of the Bondi
coordinate gauge-fixing, and the description of constraint-free data and their associated
symplectic potential.

The typical set-up is a 2+ 2 foliation with a doubly-null initial slice, see Fig. [5.1]
Sachs’ constraint-free data for a local evolution can then be identified with the conformal
class of the two-dimensional induced metric along the initial slice, or alternatively
its shear, plus corner data at the 2d space-like intersection. With some additional

“here we denote by null rotations the generators of rotations on the null hypersurface
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regularity assumptions, one can also use a 3 4 1 foliation by null cones radiated by a
time-like world-line. See [Rendall, 1990, Friedrich, 1986, Frittelli et al., 1995, Choquet:
Bruhat et al., 2011} Chrusciel, 2014]] for the formal analysis of solutions and existence
theorems. Both evolution schemes are typically local because of the development
of caustics, however for situations with sufficiently weak gravitational radiation like
those of [[Christodoulou and Klainerman, 1993], null cones can foliate all of spacetime.
A case of special interest is the study of radiating isolated gravitational systems in
asymptotically flat spacetimes. In the asymptotic 2+ 2 problem, one puts the second null
hypersurface at future null infinity .# ", and the foliation describes null hypersurfaces
(or null cones) attached to .#*. In this case the assignment of initial data is subtler
(see e.g. [Friedrich, 1981]]), because of the compactification involved in the definition
of .. In particular, .# is shear-free by construction. Nonetheless, the data are still
described by an asymptotic shear, transverse to .#* [Penrose, 1963, Newman and
Penrose, 1962,|Ashtekar, 1981]], and Ashtekar’s result was to show that these degrees of
freedom and the phase space they describe are better thought of in terms of connections
living on .# ™, a construction which is useful for the understanding of conserved charges.
Notice that one can not take .# " itself as null cone of a 3+ 1 foliation, because of
the ‘hole’ at i™ where tails and bound states escape null infinity (see e.g. [Geroch!
1978])), nor .#~ for the same reason. We will mostly focuse on local properties of
null hypersurfaces, and not discuss the non-trivial features associated for instance with
boundary data at corners, residual diffeomorphisms, caustics and cone-vertex regularity,
for which we refer the reader to literature cited above and below.

Bondi coordinates: (u,r, 0, ¢)

Figure 5.1.  Left: Set-up of the characteristic 2 + 2 initial-value problem. Two null
hypersurfaces intersect on a space-like 2d surface So. When the two null hypersurfaces are
intersecting light cones, as in the picture, So has topology of a sphere. The (partial) Bondi
gauge is such that (0,9) are constant along 9,, and 9, is null for all values of u. On the
other hand, 9, is null at at most one value of r, unless the spacetime has special isometries.
Right: Further requiring suitable regularity conditions one can consider also a local 3+ 1
foliation of light-cones generated by a time-like world-line.

5.2.1 Bondi gauge and Sachs constraint-free initial data

The Bondi coordinate gauge is specified as follows: we take spherical coordinates in a
local patch of spacetime, x* = (u,r, 0, ¢), with the level sets of u to provide a foliation
into null hypersurfaces X. du is thus a null 1-form, implying the gauge-fixing condition
g% =0, and the associated future-pointing null vector [* = — g"Vd,u is tangent to the
null geodesics of . The second gauge condition is to require the angular coordinates
A =(6,¢), A= 2,3, to be preserved along r, i.e. [*d,x* = 0. This implies g** =0
and makes r a parameter along the null geodesics: the level sets of r thus provide a
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2 + 1 foliation orthogonal to the null geodesics. At this point, the metric and its inverse
can be conveniently parametrized as follows,

~ePY L ypUAUE —eP U 0 —2 0

Suv = 0 0 . gtv= e Y _2PyA
YaB 78

(5.1)

in terms of seven functions (B,V,U", y45). Being the coordinates adapted to the 2 + 2
foliation defined by u and r, gap = Yap is the metric induced on the 2d space-like
surfaces, and we denote its determinant y and its inverse y*2. The gauge-fixing has the
property that g8 = y48, so it is analogue to the shift-free (partial) gauge N* = 0 for a
space-like foliation. There still remains one coordinate freedom, for which two different
choices are customary in the literature: we can require as in [Sachs, 1962b., Bondi et al.
1962]] the radial coordinate to be an areal parameter R (called ‘luminosity distance’
by Sachs), namely fix /Y = R%f(6,¢); or we can follow the Newman-Penrose (NP)
literature [Newman and Penrose, 1962, Penrose, 1980]] and require g01 = —1, with
no restrictions on Y, which makes r an affine parameter for the congruence generated
by I. The relation between the two choices is given by dr/dR = e?B. As we will
review below, 2P plays the role of the lapse function in the canonical theory, and these
two choices correspond to two different gauge-fixings of the radial diffeomorphism
constraint. Accordingly, we will denote from now on ¢*f =N > 0. In the following,
we will often keep this last gauge fixing unspecified, for our results to be easily adapted
to both choices. We will then refer to the partial gauge-fixing g% = 0 = g% as partial
Bondi gaugeﬂ

To set up the characteristic 2 + 2 initial-value problem, one chooses initial data on
two null hypersurfaces intersecting on a space-like 2d surface Sy, see Fig. [5.1] Working
with a null foliation, any fixed value of u identifies the first null hypersurface. On the
other hand, with r affine or areal at most one r =constant hypersurface will also be
null, for a generic spacetime. Its location can be fixed with a measure-zero gauge-
fixing g11 |r, = 0. Then, as shown originally in [Sachs, 1962a] (see also [d’Inverno and
Smallwood, 1980, Torre, 1986, Médler and Winicour, 2016]]), constraint-free initial data
for general relativity can be identified with the conformal class of 2d space-like metrics
4, of which we take the uni-modular representative Y45 := 7~ '/2945; supplemented by
boundary data at the corner Sy between the two initial slicesﬁ Up to the measure-zero
corner data, the two independent components of 5 are the two physical degrees of
freedom of general relativity on a null hypersurface. In the associated hierarchical
integration scheme, the Hamiltonian constraint can be solved as a radial linear equation
for V, and one can identify the propagating equations for the constraint-free data as (the

> A third option to complete the partial Bondi gauge is to take dr null, so to have also g'! = 0. This
choice, used in the original Sachs paper [[Sachs, 1962a], is not adapted to the asymptotic problem, and
will be not considered in the following.

®Explicitly, Sachs’ also fixes the residual hypersurface gauge, and provides the corner data

(% au% ar% arUA)|So-

They provide the area of Sy, the initial expansion of the null geodesic congruences along the two
hypersurfaces, and the non-integrability of the two null directions: Uy, gives in these coordinates the
Lie bracket among the two normal vectors d, and d, at S.
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traceless part of) the projection of the Einstein’s equations on the space-like surface.
These give the evolution of J4p away from the initial slice. The price to pay for the
identification of constraint-free data is that the dynamical spacetime can be reconstructed
only locally in a neighbourhood of the characteristic surface (neighbourhood that may
well be smaller then the maximal Cauchy development, see e.g. [Rendall, 1990]), as
caustics develop and stop the validity of the coordinate patch. See e.g. [Frittell: et al.!
1995, d’ Inverno, 2005, Reisenberger, 2013, Midler and Winicour, 2016] for various
discussions on this.

The geometric interpretation of the constraint-free data is most commonly given in
terms of the shear of null geodesic congruences, which is directly determined by the
induced 2d metric. To see this, let us consider the normal 1-form [;; = —Buu. Since it is
null, it is automatically geodesic and twist-free; and since the level sets of u provide a
null foliation, it is affinely parametrised. The associated congruence tensor coincides
then with the Lie derivative of the induced metric, which in partial Bondi gauge is
proportional to the radial derivative,

1 1
Valg = ifl'}’AB =N - YAB- (5.2)

This surface tensor can be familiarly decomposed into shear 645 and expansion 0 as
the trace-less and trace parts,

VY

1 . 1 1
EleAB = TQEIYAB + EYABfl In\/y=0ap+ E'}’ABG- (5.3)

Hence, the shear of the null congruence carries the same information of the conformal
2d metric, up to zero modes lost in the derivative and which are part of the corner data.
The fact that (the bulk of the) constraint-free data can be described in terms of shear
will allow us to easily identify them in the first-order formalism, where V; is an affine
connection.

Here we used the Bondi gauge in order to identify the tangent vector field to the
null geodesic congruence with a coordinate vector, thus simplifying Lie derivatives.
A 2d space-like metric in X, its Lie derivative defining a shear, and associated Sachs’
propagating equations, can be identified without this gauge-fixing: it suffices to use a
2 4 2 decomposition, either in terms of two scalar fields defining a 2 + 2 foliation (one
being u), or in terms of a null dyad (one element being /), as we will review below.
The role of the gauge-fixing is nonetheless crucial to specify the explicit integration
scheme of the constraints and the other field equations. Hence, it is possible to talk
about physical degrees of freedom in a completely covariant way, as often done in
the literature, although only once the gauge is completely fixed one can truly identify
constraint-free initial data.

5.2.2 Hamiltonian structure in the metric formalism

The fact that the constraint-free data can be either described by the metric or the shear,
its null-radial derivative, captures a well-known property of field theories on the light
cone: the momentum conjugated to the fields does not depend on velocities, but on
the null radial derivative of the field. Consider for instance a scalar field in Minkowski
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spacetime. Defining x* := ¢+ r, and choosing x™ as ‘time’ for the canonical analysis,
the conjugate momentum is

n(x— x4 = W =

-0 (x,xY), (5.4)

where A = 2,3 are the transverse coordinates. The independence of the momentum
from the velocities gives rise to a primary constraint ® := & — d_¢, which is second
class with itself, up to zero modes, see e.g. [Alexandrov and Speziale, 2015]. In the
following, we will refer to this constraint as light-cone condition. This fact, which is
just a direct consequence of the fact that the normal vector to a null hypersurface is
tangent to it, means that the momentum is not an independent variable, and can then be
eliminated from the phase space. The physical phase space has thus co! dimensions per
degree of freedom, instead of oo? as in the space-like formulation, and the fields satisfy
Dirac brackets defined by a suitable regularisation of 0~'. Since we are not interested in
this paper in the subtle infrared issues and boundary conditions, let us content ourselves
to describe the symplectic structure of the theory looking at the symplectic potential. To
that end, one can use the covariant phase space method (see e.g. [Ashtekar et al., 1991]),
and read the symplectic potential from the variation of the action in presence of a null
boundary. Consider for simplicity a free scalar field, and a null boundary given by a
single light-cone ¥ ruled by x—. Then the variation of the action gives the following
boundary contribution,

®= /Za_¢ 56. (5.5)

This symplectic potential shows that the conjugate momentum to ¢ satisfies the light-
cone condition , and announces the presence of 0~ ! in the Dirac bracket among
the ¢’s.

The same structure arises in gauge theories (see e.g. [Grange et al., 1998]]) and
linearised general relativity around Minkowski [Scherk and Schwarz, 1975, Evens et al..
1987]]: the physical phase space has oo! dimensions for each physical degree of freedom
(a transverse mode in these examples), and the conjugate momentum is given by the
null radial derivative of the mode itself. Remarkably, it is also true in full, non-linear
general relativity, with the momentum given by the shear, again a null radial derivative
of the physical degrees of freedom as shown in (5.2). The Hamiltonian analysis of
general relativity on a null hypersurface has been performed in [Torre, 1986] using
the 2 4+ 2 formalism of [d’Inverno and Smallwood, 1980]]. Starting with a covariant
kinematical phase space of canonical variables (gyv,IT"" := 6.2 /8d,guv), one finds 6
first class and 6 second class constraints, for a resulting 2-dimensional physical phase
space, as expected. The six first class constraints split in 3 hypersurface diffeomorphism
generators plus three primary constraints imposing the vanishing of the conjugate
momenta to the chosen shift vectors. The six second class are: the null hypersurface
condition g% = 0, which in turns gauge-fixes the Hamiltonian constraint and makes it
second classﬂ two light-cone conditions, the non-linear version of ; the vanishing
of the momentum conjugated to the lapse N, and the vanishing of 8ug00ﬂ

"Up to zero modes: Measure-zero ‘parallel’ time diffeomorphisms are still allowed. For instance,
these contain the BMS super-translations [[Bondi et al., 1962] for asymptotically flat spacetimes.
8This last constraint may look puzzling. The problem is that imposing g% strongly in the action
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The analysis of [Torre, 1986] is general and does not require the Bondi gauge: we
introduce a 2 + 2 foliation by two closed 1-forms, n% = d¢* locally, with o = 0,1,

normals to a pair of hypersurfaces. Instead of lapse and shift, we have two shift vectors

and a ‘lapse matrix” Nyg, with inverse N ap .— nfjnﬁ“, and dual basis nf, := g“"Naﬁne.

The only gauge-fixing is to take a null foliation defined say by the level sets of ¢°,
so that N% = 0 = Ny, and the lapse (i.e. the Lagrange multiplier of the Hamiltonian
constraint) turns out to be the off-diagonal component, Ny = —N ﬂ The induced

space-like metric on the 2-dimensional surface orthogonal to both normals is then
B

Yuv = 8uv — Nog nﬂnv. In this formalism, we can identify covariantly the two physical
degrees of freedom with §,y; their propagating equations as the two components of the
Einstein equations obtained from the trace-less projection onto the 2d surface; and their
Hamiltonian counterpart as the multiplier equations arising from the stabilisation of the
two light-cone conditions.

If we adapt the null coordinate, ¢° = u, we have n‘f = No1n®" = NI*. Unlike /#, n‘f
has non-vanishing affinity, given by k,,;) = £,, InN, and its shear and expansion are N
times those of /*. The partial Bondi gauge corresponds to putting to zero one of the
two shift vectors, and only in this gauge the coordinate vector 8¢1 1s tangent to the null
geodesics on X. As discussed above, the gauge-fixing is convenient for many reasons,
principally to provide the explicit integration scheme of the Einstein’s equations, in
particular solving the constraints. Another advantage is that due to the presence of
complicated second class constraints, it is difficult to write the explicit Dirac bracket
for the physical phase space. Gauge-fixing gets rid of gauge quantities and simplifies
this problem. It becomes for instance straightforward to write the symplectic potential
purely in terms of physical data. For our purposes, we specialise here the analysis
of [Torre, 1986] to the partial Bondi gauge, adapting coordinates so that ¢° = u and
requiring g4 = 0, but keeping r unfixed as to see explicitly the role of lapse and VY-
This partial gauge-fixing eliminates various gauge fields from the phase space, and one
can isolate the induced 2d metric Y4 p and its conjugate momentum density, which turns
out to be

0% 1
ST ﬂ(YABYCD —Yac¥8D)En, Y2 — /Y ¥aB(£0, INN + —— £, NO),
Yap 2 2N
(5.6)

in terms of the dual basis (ng,n;) defined above. Taking the trace-less and trace parts, it
is immediate to identify them as the shear and expansion of the null-geodesic congruence

ﬁAB = \/]_/HAB =

would lead to a variational principle missing one of the Einstein’s equations. To avoid this ‘missing
equation’, the Hamiltonian in [Torre, 1986] is first constructed with arbitrary g?°, and g% = 0 is later
imposed as initial-value constraint on the phase space. The additional constraint d,g"° = 0 then simply
arises as a secondary constraint preserving the first one under evolution. As explained in [Alexandrov
and Speziale, 2015]], an advantage of working with a first order formalism is that one does not need this
somewhat artificial construction: we can impose the gauge-fixing condition strongly in the action and
still have a complete well-defined variational principle, thanks to the appearance in the action of the
variable canonically conjugated to g?°. Furthermore, the on-shell value of the Lagrange multiplier for
g% =0, which is fixed by hand in [Torre, 1986]], comes up dynamically as a multiplier equation.

9The sign we use in this definition is opposite to the one of [Torre, 1986], to match with our earlier
choice N > 0.
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Ofl’ll,

1 .
Map — EYABH = \/TT/f-nIYAB = O(n,)AB> (5.7
1
IT:= ¥ Tlap = —6(u,) — 2k(u) = :£n N (5.8)

The first equation above is precisely the light-cone condition for non-linear gravity:
the two physical momenta are the null radial derivatives of the two physical modes
of the metric, namely, the shear of n;. The second equation shows that the trace of
the momentum does not carry any additional information, although this may require
a few words: first, the expansion can be determined from the dynamical fields (up to
boundary values) using the Raychaudhuri equation; the lapse can always be fixed to
1 with a radial diffeomorphism as mentioned above, thus removing the non-affinity
term;m finally, the last term vanishes using the equations of motion.

In this partial Bondi gauge, the symplectic potential computed in [Torre, 1986]

readd]
. /d3xHA35YAB_ /dx Oy T + (8ar) + 2 )5[} (5.9)

where we used 8Y45 = —YacYspO PP and defined the densitised inverse metric 42 :=
\/7}/‘3 Notice also that the shear term can be rewritten using — o042 = \/)_/GAB O0VAB-
The non-affinity term vanishes if we fix a constant lapse, and using the explicit metric
form of shear and expansion, the symplectic potential takes the form

/d3 { nlyA35y43+£nlln\/75\/7} (5.10)

The first term has precisely the form (5.5)) for the 2 physical degrees of freedom, which
is the main point we wanted to make. The second term is just a corner contribution
thanks to the Bondi gauge. In this paper we are interested in bulk degrees of freedom,
hence we neglect corner terms in the symplectic potential.

This symplectic potential for the shear, here adapted from [Torre, 1986] to the Bondi
gauge, can also be derived with covariant phase space methods (see e.g. [[Ashtekar
et al., 1991])), without referring to a special coordinate system but only to the field
equations. It plays a crucial role in the study of BMS charges at null infinity (see
e.g. [Ashtekar, 2014, Wald and Zoupas, 2000, Barnich and Troessaert, 2011]), which
has recently received much attention for its possible relation to the information black
hole paradox argued for in [Hawking et al., 2016]. For a careful treatment of caustics,
corner data and residual diffeos, see [Reisenberger, 2008, Reisenberger, 2013]], as well
as [Duch et al., 2017] in a related context. For a more general expression of ® without

10Canonically, the fact that changing r can be used to fix N = 1 follows from the fact that lapse
transforms under radial diffeos like the radial component of a tangent vector. The alternative gauge-fixing,
r areal coordinate with lapse free, turns the non-affinity term into a corner contribution to the symplectic
potential, see e.g. [Reisenberger, 2013]. As mentioned above, we do not discuss corner terms in the
present paper.

T As usual, deriving the symplectic potential requires an integration by part. Although [Torre, 1986
does not give the associated boundary term, this is known to be 2 [5(6 + k),/7, see e.g. [Parattu et al.
2016]. Note the different factors of 2 between the boundary term and the symplectic potential.

73



a full foliation and a discussion of corner terms without any coordinate gauge fixing,
and its relevance to capture the full information about the charges, see [Hopfmiiller and
Freidel, 2016]. See also [[Parattu et al., 2016,|Lehner et al., 2016, ?,Wieland, 2017b]] for
additional discussions on corner terms.

5.3 Canonical structure in real connection variables

5.3.1 Spacetime Foliation and the tetrad gauge-fixing

In this section we briefly review the canonical structure of general relativity in con-
nection variables on a null hypersurface [Alexandrov and Speziale, 2015]. In units
16mG = 1, we work with the Einstein-Cartan action

1 A
Sle, 0] = E/%EUKLe[/\e]/\ (FKL((U) - geK/\eL> , (5.11)

where ¢/ is the tetrad 1-form, and F"” (@) = do" + o'k A @/ the curvature of the
spin connection @'/, As in the ADM formalism, we fix a 3 + 1 foliation with adapted
coordinates x* = (¢,x%), and hypersurfaces ¥ described by the level sets of z. We
parametrise the tetrad as follows [Barros e Sa, 2001b,/Alexandrov and Vassilevich!
1998 |Alexandrov, 2000],

¥ = Ndt + y;Eldx", ¢ = N°Eldt+E.dx". (5.12)
The hypersurface normal is then the soldering of the internal direction xI+ = (1,x%):
ny, == eyx. = (-N,0,0,0), N=N-NE,y. (5.13)

For space-like X, the usual tetrad adapted to the ADM coordinates is recovered for
vanishing x‘, which makes e parallel to the hypersurface normal. Using a non-adapted
tetrad may appear as an unnecessary complication, but has the advantage that allows
one to control the nature of the foliation. The metric induced by (5.12)) on X is

Gab := €Lepniy = %/EQEZ, Zij = 8ij — XiX) detga, = E*(1—x?), (5.14)

where y2 := yx;x'. It is respectively space-like for %2 < 1, null for ¥> = 1, and time-like
for %% > 1. In other words, we control with x/ the signature of the hypersurface normal,
while € is always time-like.

We are interested here in the case of a foliation by null hypersurfaces. Notice that
even though the induced hypersurface metric is degenerate, we can still assume an
invertible triad, with inverse denoted by E}'. This means that we can use the triad
determinant, E := detEC’; = 0, to define tensor densiges. We denote such densities with
a tilde respectively above or below the tensor, e.g. Ei' := EE? for density weight 1 and
E! := E~'E| for density weight —1. The triad invertibility is an advantage of the tetrad
formalism for null foliations, and it allows us to write the null direction of the induced
metric on X as (El“ xi )0,. Further, although the induced metric g, is not invertible, we

can raise and lower its indices with the triad. We define the projector ¢%, := E“E Z i
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which projects hypersurface vectors on 2d space-like spaces orthogonal to the null
direction Ef'x'; and ¢** := E{E? 2"/, which satisfies ¢*gpe = g

On the other hand, & and N¢ should not be immediately identified with the lapse and
shift functions, defined as the Lagrange multipliers of the diffeomorphism constraints.
The true lapse can be identified from (5.13)) or by computing the tetrad determinant,
which turns out to be ¢ = NE. As for the shift vector, there is no canonical choice
on a null foliation, corresponding to the fact that there is no canonical Hamiltonian@
Following the canonical analysis of [Alexandrov and Speziale, 2015], to be recalled
below, we keep N¢ as the shift vector. In terms of the lapse N, the metric associated
with the tetrad (5.12)) reads

. ( ~N? 4+ NNl — 2NNOElg: qpeN° — NEj; ) (5.15)
" GacN¢ — NEaltxi Qab ’
with inverse
1 0 —Ely! )
w1 | , | (5.16)
s QW L S

The coordinate ¢ being adapted to the null foliation, g,, = g, 1s the degenerate induced
metric on X. We can also write the projector on the 2d space-like spaces in a covariant
form, using the null dyad provided by the internal null vectors x/, = (£1, ') soldered
by the tetrad,

i i _ _ (_Nv 0) u
= L) _e“xﬂ_{ (N+2NEny 2E) T
(5.17)
We then have
1 1 0 0
LM = 8H, — Exiva — Ex‘ixw = ( FND ) , (5.18)
and .
qabNaN qchC )
= — Xy (uX—y) = 5.19
Ty Suv ) ( QabNb dab ( )

is the induced metric in covariant form. For later purposes, let us identify here the
propagating Einstein’s equations, which are given by the components

(LGT)® .= (La ” I o) _%LaprG )Gpc — (ch+NdGcO+NcGOd+NcNdGOO>.
(5.20)

Here 1

H?S = CI?CCIZ) ) qab%d (5.21)
is the traceless part of the projector on S for symmetric hypersurface tensors, and we
used the notation G4 := Gf + Ae}l =0 where Gﬁl is the Einstein tensor in tetrad indices.
The explicit form of (5.20) is given in [Alexandrov and Speziale, 2015]], and it will not

be needed here.

121n the sense that it is not possible to express the Hamiltonian constraint purely in terms of hypersurface
data, see for instance [Alexandrov and Speziale, 20135| and [Torre, 1986].
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An advantage of the tetrad formulation is that we can perform the canonical analysis
with the 3 4 1 null foliation [Alexandrov and Speziale, 2015]], without the need of
introducing a further 2 + 2 foliation like in the metric case. Nonetheless, it is instructive
to review how the two formalisms compare in the absence of torsion. Our coordinates
are adapted to the 3 4 1 foliation by null hypersurfaces with normal 1-form d¢, and
to match notations with the literature, we rename from now on ¢t = u; however the 2d
space-like spaces defined by (5.18)) are in general not integrable, hence they do not
foliate spacetime. Nonetheless, we can choose a 2 4 2 foliation and adapt our tetrad to
it. For the sake of simplicity let us choose the foliation given by the normals

n = du, n' =dr, (5.22)

so that our coordinates x* = (r,x) are already adapted, and the induced 2d metric is
YaB = gaB = qap- To adapt the null dyad x4, to this foliation we use the translational
part of the ISO(2) group stabilising xﬂL to remove the components x_4 = E /g xi = 0. This
gauge transformation makes the tangent vectors to {S} integrable. The same can be
done in the Newman-Penrose formalism, see Appendix for details and a general
discussion. Comparing then the metric coefficients of and we see that
the lapse functions used in the metric and connection formulations differ by a factor
E!x". This can be always set to one with an internal boost along x!,, as explained in the
next Section. Hence, using this boost and the translational part of the stabiliser we can
always reach the internal ‘radial gauge’

Elxi=(1,00) & Eyx =1 ZYE;=0, (5.23)

where the equivalence follows from the invertibility of the triad. In this internal gauge
N coincides with the lapse of the metric formalism, given by —1/g°! in adapted
coordinates, E = /Y and \/—g = NE = N, /7, and the induced metrics coincide, g,y —

Xy (uX—v) = 8uv — Naﬁnffne. Proofs and more details on the relation between the
x-tetrad and the 2+2 formalism are reported in Appendix

5.3.2 Constraint structure

On a null hypersurface, each degree of freedom is characterised by a single dimension
in phase space, as recalled above. This means that the constraint structure associated
to the gravitational action should lead to a phase space of dimensions 2 X > on
Y. (plus eventual zero modes and corner data, not discussed here). We now review
from [Alexandrov and Speziale, 2015]] how this counting comes about, as the result has
some peculiar aspects that we wish to analyse in this paper. N
From , we see that the canonical momentum conjugated to @/’ is =
(1/ 2)8“’”81 _]KL@ZI){ ef, namely, it is simple as a bi-vector in the internal indices. This
results in a set of (primary) simplicity constraints, which fixing an internal null direction,
can be written in linear form as ®¢ := g,;,XL'P% x). = 0. Two different canonical analysis
were presented in [Alexandrov and Speziale, 2015]]. The first is manifestly covariant,
with only ¥2 = 1 as a gauge-fixing condition. The second gauge-fixes instead all three
components, that is ' = £’ for a fixed £’ with 2 = 1. Since in this paper we are
interested in the identification of constraint-free data that arises through a complete
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gauge-fixing, we recall only the details of the second analysis, and refer the reader
interested in the covariant expressions to [Alexandrov and Speziale, 2015].

Working with a gauge-fixed 1nterna1 direction, we can solve explicitly the primary
simplicity constraints in terms of Fj; = E; Fa P“ 2Ef’ Xj]- The kinetic term of the action
is then diagonalised by the same change of connection variables as in the space-like
case [|Alexandrov and Vassilevich, 199§]],

o) =ng—oly;,  of =¥ (fkl + fklm(f’m) Ey (5.24)

with 7;; symmetric. After this change of variables and an integration by parts, the action
read

S = /dt/ 2ELOM. 4+ 0T + 20 @) + Aij @Y + ;9" + 1V Gy + N Dy + NA,
5
(5.25)
where

Gy = DoFy, D= —PYFY v ol'9y;, = ECEUF] —2AE?, (5.26)

are the gauge and diffeomorphism constraints, written in covariant form for practical
reasons. Notice that as in the space-like case, the generator of spatial diffeomorphism
includes internal gauge transformations (and accordingly, we have n'/ = @}/ — N“@?’).
Next, the constraint

QY = 7/ (5.27)
imposes the vanishing of the momentum conjugated to /, and is the left-over of the
primary simplicity constraints in this non-covariant analysis. Finally, the constraint

o =x-3 (5.28)

gauge-fixes the internal vector. In particular, the projection (x; + £') @’ gives the null-
foliation condition x? = 1, namely g" = 0, and its stabilisation plays an important role
in recovering all of Einstein’s equations

The phase space of the theory has initially 36 dimensions, with Poisson brackets

(M%), B (x )}——5 8,80 (x,0), (5.29)

ij 1 i i L
(P00, ma()} = 580,80 (wx),  {8/(), 50} = 5860 (.2,

The explicit form of the constraints is considerably more compact and elegant than
in the metric case [[Torre, 1986], a fact familiar from the use of Ashtekar variables
in other foliations. On the other hand, many of the constraints are second class. The
reader familiar with the Hamiltonian analysis in the space-like case will recall that the

B1n [Alexandrov and Speziale, 2015]] we rescaled the action by a factor 1/2, to avoid a number of
factors of 2 when computing Poisson brackets. Here we restore the conventional units. Accordingly, the
parametrization of Py} in terms of Ef', Ee, as well as the explicit expressions for the constraints presented
below in , are twice those of [Alexandrov and Speziale, 2015]].

14This plays the role of the d,g% = 0 condition of [Torre, 1986], and the advantage of the first-order
formalism is that it can be imposed prior to computing the Hamiltonian.
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stabilisation of the primary simplicity constraints leads to six secondary constraints
which are second class with the primary. The secondary constraints thus obtained,
together with the six Gauss constraints, recover half of the torsion-less conditions; the
remaining half goes in Hamiltonian equations of motion. In the null case the situation
becomes more subtle: there are again six secondary constraints, given by

Wil = —eWEIE] 9,V + e M EGym)) — .M ry, (5.30)

where . P
%z],kl _ 8(tkm8])ln<%rmn' (5.31)

These have the same geometric interpretation of being six of the torsion-less conditions.
However, only four of them are now automatically preserved. This is a consequence
of the fact that has a two-dimensional kernel: IT}.# kl.mn = () where IT}/ is the
internal version of the symmetric-traceless projector (5.21)) obtained via the triad. Then,
stabilisation of the two secondary constraints

il = 11k (5.32)
requires two additional, tertiary constraints

Y = %H?ZEi(Ced)ef (FS - 2iFlf) =0, (5.33)
As pointed out in [Alexandrov and Speziale, 2015]], the two constraints @) are
the light-cone conditions imposing the proportionality of physical momenta to the
hypersurface derivatives in the null direction: As we will show below, they reproduce
precisely the metric relation between momenta and shear. What is peculiar to
the formalism, is that this condition is not automatically preserved under the evolution,
but requires the additional constraints (5.33)). These additional constraints are not
torsion-less conditions; they will be discussed in details in Section @below.
Concerning the nature of the constraints and the dimension of the reduced phase
space, we have the following situation. The hypersurface diffeos 7, are first class,
but not the Hamiltonian .7#, which forms a second class pair with x;¢’. The other
two components %j(pj gauge-fix two of the six Gauss constraints, those that would
change the internal direction. The other four Gauss constraints remain first class. This
is different from the canonical analysis on a space-like or time-like hypersurface, where
fixing the internal direction gives a 3-dimensional isometry group. Here instead we
have a 4-dimensional isometry group, given by the little group ISO(2) of the internal
direction given by '/, plus boosts along x'. The fact that the isometry group on a null
hypersurface is one dimension larger than for other foliations is of course a well-known
property, that led Dirac himself to suggest the use of null foliations as preferred ones.
In the context of first-order general relativity with complex self-dual variables, it has
for instance been pointed out in [Goldberg et al., 1992, /d’Inverno et al., 2006].
However, there is a subtle way in which this extra isometry is realised in our context,
because the action of internal boosts along x' mixes with that of radial diffeomorphisms.
Let us spend a few words explaining it. Notice that right from the start we fixed to
unity the 0-th component of the internal null direction xﬂ_ This choice, implicit in the
parametrization of the tetrad, deprives us of the possibility of changing y' with
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an internal boost along ', since in the absence of a variable x(}r this would not preserve
the light-likeness of the internal direction. Nonetheless, the explicit calculation of the
constraint structure shows that Ky := %, x' is still a first class constraint: simply, its
action is not to change xi, which it leaves invariant, but rather to rescale the lapse func-
tion. Using the transformation properties for Lagrange multipliers (see e.g. [Henneaux
and Teitelboim, 1992]]), we find for the smeared constraint the transformation

Ky(A)>N =é*N. (5.34)

In other words, the lapse function is in our formalism soldered to the extent of the
internal null direction, see , and this is the reason why it transforms under internal
radial boosts. As already discussed at the end of Sec. our lapse coincides with the
lapse of the metric formalism only if we fix the radial boosts to have E7 x' = 1. Hence,
there is in our formalism a partial mixing of the action of internal boosts along ¥ and
radial diffeomorphisms.

To complete the review of the constraints structure, it remains to discuss the simplic-
ity constraints. They are all second class, but in different ways: ¥ among themselves,
just like those encoding the light-cone conditions , the remaining four W/ are sec-
ond class with four of the primary ®"/, and the remaining two ®"/ are second class with
the two tertiary constraints. The overall canonical structure established in [Alexandrov
and Speziale, 2015]] leads to the following diagram, where the arrows indicate which
constraints are mutually second class:

: . 02
primary constraints &Y @' & G T A
T4
secondary constraints ¥
O2

tertiary constraints Y%

We have 7 first class constraints (forming a proper Lie algebra), and 20 second class con-
straints, for a
2 x oo>-dimensional physical phase space, as expected for the use of a null hypersurface.
Among those, the pair Hamiltonian-null hypersurface condition.

5.4 Geometric interpretation of the constraint solution

5.4.1 Newman-Penrose tetrad

To elucidate the geometric content of the canonical structure in the first order formalism,
it is convenient to use the Newman-Penrose (NP) formalism. To that end, we want to
map our tetrad (5.12)) to a doubly-null tetrad (/*,n*,m* m*), where

l“n” =—1= _mﬂm”7 8uv = _ZZ(unv) +2m(uﬁl\,). (5.35)

We have already partially done so, when we introduced the soldered internal null vectors
xi = 67 ¥, xl, = (£1, x%), which provide the first pair. For the second pair, we have to
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choose a spatial dyad for the induced metric @), that is v = 2m,m,); we can do
so taking m* to be a complex linear combination of the two orthogonal tetrad directions
A ’fe? , normalised by mm* = 1. The set

ok, —xt it M) (5.36)

so defined is an NP tetrad. Notice that x;, = —Ndyu, so the first vector chosen is
normal to the null hypersurface. The minus sign in front of the second vector is to
follow the conventions to have all vectors future-pointing.

Before adopting the traditional notation with /* and n* for the first two vectors, let
us briefly discuss the frame freedom. Using the nomenclature of [[Chandrasekhar, 1985],
we have rotations of class I leaving [* unchanged, of class I leaving n* unchanged,
and of class I1] rescaling [* and n* and rotating m*:

s AR s At mt s e Omt (5.37)

Conforming with standard literature on null hypersurfaces, we want the first null co-
vector to be normal to the null hypersurface and future pointing, that is I/, o< —dju.
Concerning its ‘normalisation’, a reasonable choice is to take it proportional to the
lapse function, like in the space-like Arnowitt-Deser-Misner (ADM) canonical analysis:

lﬁDM = —Ndyu. This analogy with ADM is confirmed by Torre’s analysis, which as

we recalled above, identifies in nyy, = lﬁDM the normal relevant to the Hamiltonian
structure, namely whose shear gives the conjugate momentum in the action. However,
most of the literature on null hypersurfaces uses a gradient normal, I, = —dju, and

we’ll conform to that, by taking
1 N
H= nt = —Ex‘i. (5.38)

This rescaling of xi means paying off a large number of N factors in the spin coefficients,
see the explicit expressions reported in Appendix In any case, the relation between
the two choices is a class /1] transformation, and all NP quantities are related by simple
and already tabulated transformations that can be found in [Chandrasekhar, 1985]], some
of which are reported in Appendix

We fix from now on the following internal direction,

x'=(1,0,0), (5.39)

and introduce the notation v = vy 1= \%(vz + iv?) for the internal indices M = 2,3

orthogonal to it. This choice is done only for the convenience of writing explicitly
the tetrad components of m* and m* when needed, and we will keep referring to y'
in the formulas as to make them immediately adaptable to other equivalent choices.
Summarising, our NP tetrad and co-tetrad, and their expressions in terms of the metric

5The rescaling also means that while all Lorentz transformations of (5.36) are generated canonically
via ¢, this is not the case for (/,n) defined via : we disconnect the canonical action of the radial
boost Ky, which leaves them invariant instead of generating the class /1] rescaling. We see then again
that lﬁDM = x4 1s a more canonical choice of null tetrad adapted to the foliation.
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coefficients (5.12), are

H = ]lv<eg +eh') = (0, ]lvEfxf), (5.40a)
nt g(eg —e})=(1,—-N*— INE“x"), (5.40b)
mt = L2<eg —iek) = (0,E%), (5.40c)
and
ly = ]%[(—eg +ey)=(-1,0), (5.41a)
ny = _%V(eg el = —(JEV(N+2N“EZ,)(,-),NE2)(,->, (5.41b)
my = i(eﬁ —iey) = (NE; E). (5.41c¢)

The NP tetrad thus constructed is adapted to a null foliation like the one used in most
literature [Newman and Unti, 1962, Newman and Tod, 1981,/Adamo et al., 2009]]. A
detailed comparison and discussion of the special cases corresponding to a tetrad further
adapted to a 2 4 2 foliation or to the Bondi gauge can be found in Appendix and
A8l

Associated with the NP tetrad are the spin coefficients, namely 12 complex scalars
projections of the connection @’/ e.g. (minus) the complex shear ¢ := —m“mVVvlum
If the connection is Levi-Civita, these are functions of the metric. In the first order
formalism on the other hand, the connection is an independent variable, and the NP
spin coefficients will be functions of the metric and of the connection components.
To distinguish the two situations, we will keep the original NP notation, e.g. o, for
the Levi-Civita coefficients, and add an apex o for the spin coefficients with an affine

off-shell connection, e.g. o. On-shell of the torsion-less condition, ®" = ®'/(e) and

o . . . . . . .
o = o. Explicit expressions for all the spin coefficients are in Appendix and we
will report in the main text only those relevant for the discussion.

5.4.2 The affine null congruence

Since the normal vector [* is null, it would be automatically geodesic with respect to
the spacetime Levi-Civita connection. Furthermore it would have vanishing non-affinity
since it is the unit normal to a null foliation. With an off-shell, affine connection @/ on
the other hand, these familiar properties do not hold. Using Newman-Penrose notation
with an apex o for the spin coefficients of the affine off-shell connection, what we have
is

'V It = el* — kmt +cc, (5.42)
with ‘non-affinity’ and ‘non-geodesicity’ that are given respectively by
° 1 o o 1 o
k) :=€+cc= —NEi“x’(n;xi—aalnN), K= —WE,-“%’ n, - (5.43)

16The reader familiar with the NP formalism will notice an opposite sign in this definition. This is a
consequence of the fact that we work with mostly plus signature.
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For the same reason, the congruence V[, is not twist-free, even though [, is the
gradient of a scalar, nor defined intrinsically on S: it also carries components away
from it. Nonetheless, we can still take its projection 1P , 1° ,V,l5, and decompose

o
it into irreducible components: we will refer to the traceless-symmetric 6y, trace

o

0 and antisymmetric parts (i)#v as ‘connection shear’, ‘connection expansion’, and
‘connection twist’. The components away from the hypersurface X, which are all
proportional to the shift vector N¢, are not directly relevant for us and we leave them to
Appendix Using the definition V ”e{, = _w/{lj eyy and the decomposition , we
have for the hypersurface components

1 .
Valp = ]T,%mZ,E;f, (5.44)
and
° 1 c_d i J 1 0 0 1 i a o 1 c . d i
S (1)ab = 3y 9a 9b e%jn(cEd)—zqabe(z), 0 ZZN%,'TIHEJ-, D(1)ap = y;da 9o ZijniEy-
(5.45)

In NP notation, shear, twist and expansion are described by the following two complex
scalars,

1

o:=-m'm"V,l, = —m“mvc(l)uv = —NEfT]a_, (5.46)
o 1 o _v© 1 _
p:=-—m*m"Vyl, = 500 - mtm¥ @)y —]T,Eina ; (5.47)

where the real and imaginary parts of p carry respectively the connection expans10n and

twist. It is also convenient to introduce the complex shear G(l) =mMm" G( Duv = = 0.
This comes up awkwardly opposite in sign to the NP spin coefficient, but the minus
sign is an unavoidable consequence of the fact that we work with mostly plus signature,
the opposite to NP.

The connection shear so computed allows us to identify Sachs’ constraint-free initial
data for first-order general relativity in terms of real connection variables: in the absence

of torsion, 6 = o and we can follow the same hierarchical integration scheme. From
the connection perspective, the relevant piece of information is thus £ 1, ; namely the
contraction with the triad of 7),”, which is the translation part of the ISO(2) stabilising
the null direction xﬂL. Notice that both connection term and triad term have the same
internal helicity: loosely speaking, it is this coherence that allows to reproduce the
spin-2 behaviour in metric language.

Notice that at the level of Poisson brackets, the shear components commute: trivially

in {cof(l) , coi(l)} = 0, but also when the conjugate appears, sinc

2i o

{6000} =z mp). (5.48)

which vanishes on-shell of the Gauss law, as we show in the next Section. This is to
be expected, since it is only at the level of the Dirac bracket that the shear components

17Using the brackets lb and notice that {n;,ENf (NE)} = 1/(2NE)(5;’5ij - EZ“Eg/Z)
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do not commute with themselves, that is when the light-cone constraints are used. We
will show below in Section [5.5.1] that the Dirac bracket reproduces exactly the metric
structure of (5.10).

In terms of the covariant connection, the shear, twist and expansion are described as

follows,

o —_
o) = eje) m'myl, a)zlj, p = eyl mtmyl, a)ﬁl. (5.49)
Using these covariant expressions, it is easy to see how the congruence is affected by
the presence of torsion, writing w” a){{ (e)+ Cf{ where C{LJ is the contorsion tensor.
For instance, consider the case of fermlons with a non-minimal coupling [Alexandrov,
2008]]
i TP —

Sy = ~ eye, Y (a— iby’) )Dy (@) y +cc, a,beC, Re(a)=1. (5.50)
(The minimal coupling would be a = 1, b = 0). Solving Cartan’s equation, one gets
(restoring for a moment Newton’s constant G)

Y = 2mekG Bs” KL <AL - Im(b)VL> 5! (Re(b)A” —|—Im(a)V”)} . (550

where V! = ¥y y and A’ = ¥y y are the vectorial and axial currents. Plugging this
decomposition into (5.49) we find

o

G6=0, p=p-nG [inu (A“ - Im(b)V”) — 1, (Re(b)A“ +Im(a)V”>] . (5.52)

The connection shear recovers its usual metric expression, whereas twist is introduced
proportional to the axial current; for non-minimal coupling, the twist depends also on
the vectorial current, and furthermore the expansion is modified, picking up an extra
term proportional to the time-like component of the vectorial and axial currents. More
in general, for an arbitrary contorsion decomposed into its three irreducible components

(3/2,1/2)®(1/2,3/2)® (1/2,1/2) @ (1/2,1/2),

CHVP — CHVP 4 = 3 u[pCV} + 18uvmc (5.53)
we have
G =0 —mumyl,C*YP,  p=p—imumyl,C*VP + %lﬂC’“ —inyC*,  (5.54)
as well as
= K= Ly pCRYP k() = k() — luny [ CRYP — %zuéﬂ (5.55)

for the non-geodesicity and inaffinity.

It is now instructive to see how the various quantities introduced above, and as-
sociated with an affine geodesic, are put on-shell by the constraints present in the
Hamiltonian formulation of the theory, and thus (in the absence of torsion) take their
values as in the more familiar metric formalism. As we show in details in the next
subsection, the congruence is made geodesic by the Gauss law, which also puts on-shell
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the connection twist and expansion; the non-affinity vanishes as a consequence of the
equation of motion stabilising ¥ = 1, namely the condition of null foliation; and finally,
the connection shear is put on-shell by the two secondary simplicity constraints (5.32) F_g]

5.4.3 Torsionless nature of the affine null congruence

In this subsection we use the affine congruence defined above to study the geometric
meaning of the various constraints present in the theory, in particular those responsible
for the metricity of the congruence. Let us begin with the Gauss constraint ¢ in (5.26).
First, we decompose it into rotations L; := %81- kY Jk and boosts K; := %;. Then, we
consider the projections along ', and perpendicular to it, defined by vi = gliky iVk

(notice that vil = —iv"). These various components have the following explicit forms
(see Appendix [A.6)),
1 . . P .
Ly = €X' 9" L eun Bk, (5.56a)
L =Gy % 0, + By — Sy — @ + 1 (@) — 0.ESx7),  (5.56b)
Ky = X'%0i % dES% — 2i;E ], (5.56¢)
K 1= ey % €7y (uES + Ef it — @), (5.560)

where 2 means on-shell of the ¢ constraint only, namely assuming ' constant.

The two second class constraints are the linear combinations Ti = Li —é& jk 2/ K",
whose action would change the internal direction ‘. On the other hand, Ti =
L +¢& jx/K* and Ly belong to the ISO(2) subgroup stabilising x/. and are first
class, together with KXH Using the explicit expressions for the spin coefficients (see
Appendix , we immediately identify the xi—stabilisers with

Ly =2ENIm(p), L] +& "y k" =EN’k. (5.57)

These first class constraints are thus responsible for the congruence being geodesic and
twist-free. For the remaining first class constraint, we have

Ky = E(E“% 9410 |[E| — N6 ) + dE ). (5.58)

Recalling that /—g = NE and the explicit form of /* from (5.41), we see that this
constraint puts the expansion on-shell:

0~ 0y = 1"y In\/—g+dul". (5.59)

8Notice that here we are defining the congruence in the presence of torsion using a displacement vector
n# such that BynY :=1¥Vyn* = n"YV,l,. This is suggested as to keep the geometric interpretation

of the spin coefficients G and B, however it means that the displacement vector is not Lie dragged:
£t =1"Vynt —nVVI* +2CH 5y °1Y = 2CH*5yn°1Y. In spite of the fact that in the presence of
torsion differential parallelograms do not close, it is natural to still require the Lie dragging of n*
(see e.g. [Luz and Vitagliano, 2017]]). With this definition of the congruence, shear and expansion are
never modified by torsion, but only the twist. The NP spin coefficients o and 5 lose their geometric
interpretation.

19Covariantly, the stabilisers can be written as T/ := 1/2e"Klx, jJg; and T := —1/2eVKLx_ k.
With x’ = (1,0,0) and M = 2,3, we have v}/ = (—13,1?); the second class constraints read 7" =
(L*> + K3,L* — K?), whereas the first class ones are TV = (L?> — K3, L* + K?).
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Let us remark the central role played by the radial boost: as a constraint, it is responsible
for the metricity of the expansion; as a symmetry generator, it rescales lapse as discussed
in H Finally, the second class constraints fix the two components of @' orthogonal
to %', and have no direct implication for the affine congruence.

Let us now come to the non-affinity: even on-shell of the Gauss law, the now-
geodesic congruence still carries non-affinity k(;, in spite of [, being the gradient of a
scalar. This is because the Gauss law only captures half of the torsion-less conditions.
Where is then the equation setting ;) = 0? It must come from the Hamiltonian equation
of motion that gives the stability of ¢@y;, namely the equation capturing the fact that the
level sets of u provide a null foliation. Indeed, this stability condition was identified
in [Alexandrov and Speziale, 2015]] as the multiplier equation expressing lapse in terms
of canonical Variableslzrl which reads

E{x'(dInN —njy:) = 0. (5.60)

Comparing this expression with the first of (5.43)), we see that it implies the vanishing
of the non-affinity.

It remains to put on shell the connection shear. To that end, we look at the light-cone
conditions EI) With our gauge-fixing x’ = (1,0,0) the two components of ¥ are
P23 are W22 — W33, We combine them into a single complex equation, which gives

1 ] ~ O ~ ~
-3 (lp23 + %(\PZZ - lp33)> =No()—E“E, 0.E} +E{E, d,E> =0,  (5.61)

from which it follows that
o) = %Eb_ (B OaEY — E{0E”) = 1"m" (Jumy — dymy ) = %’”””’"“ £y = 00
(5.62)

where in the second equality we used the explicit expressions (5.41)) for the NP tetrad.
Hence, the two secondary simplicity constraints corresponding to the light-cone con-
ditions make the connection shear metric. Comparing this result with the analysis in
metric variables of [Torre, 1986], we expect the connection shear to be the conjugate
momentum to the conformal metric. This expectation is indeed borne out, as we will
show below in Section[5.5.11

Summarising, the congruence generated by [* is made geodesic by three first-
class Gauss constraints. The fourth first-class one gives the relation between the
connection expansion and the metric expansion. All these conditions are automatically
preserved under evolution in u, since there are no secondary constraints arising from
the stabilisation of the Gauss law. As for the connection shear, its relation to the metric
shear is realised by the light-cone secondary simplicity constraints, and they are not
automatically preserved. Tertiary constraints are required, to whose analysis we turn
next.

20As well as transforming the connection component determining lapse, {Ky (1), (n.%)(E‘%)} =
drA. At the level of covariant field equations, the radial boost constraint corresponds to the equation
Sabcsijkez‘kaae;" =0.

21Recall that on a null hypersurface, the Hamiltonian constraint is second class, therefore its Lagrange
multiplier satisfies an equation of motion, which fixes it up to zero modes. Concerning the zero
modes, these are the left-over diffeomorphisms that on .# become the supertranslations of the BMS
transformations.
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5.4.4 Tertiary constraints as the propagating equations

Let us now discuss the tertiary constraints (5.33)), whose presence is something quite
unfamiliar within general relativity, and which is due to the combined use of a first-order
formalism and a null foliation: each feature taken individually introduces a secondary
layer of constraints in the Hamiltonian structure. Perhaps even more surprising is which
of the field equations are described by these constraints: the propagating Einstein’s
equations, namely the dynamical equations describing the evolution (in retarded time u)
of the shear away from the null hypersurface. In fact, it was shown in [Alexandrov and
Speziale, 2015] that

1 . .
Yab — _ﬁngg 4ge,rn8%g (LGN + EF (BY + N“BY) |, (5.63)

where in the first term we recognise the propagating Einstein’s equations, and
1 I _
BH = eHVP%%, Frl (0) =0 (5.64)

denotes the algebraic Bianchi identities. This means that in the first-order formalism,
the only time derivative present in the propagating equations (5.20)) can be completely
encoded in algebraic Bianchi equations.

The equivalence may appear geometrically obscure, and it is furthermore
not completely trivial to derive as a tensorial equation. On the other hand, it becomes
transparent using the Newman-Penrose formalism, as we now show. To that end,
let us first identify the propagating equations in the Newman-Penrose formalism. A
straightforward calculation of the propagating equations gives

o

mMm" J—ﬁv Goo(w,e) = m’uvauv(w,e) = m'uvauv(mae) = —Rimum (0, €) = Rymim (@, €) = 2R mn(€),

where in the last equality ~ means on-shell of the torsion-less conditionP__ZI Next, let us
look at the tertiary constraints in its form (5.33)), and project it in the same way on S:

1 . i
mamp Y = EmambE(aeb)ef <Fe(¥ — ije}> . (5.65)

i
First, we have that
FY%w,e) — ijZ}(w,e) = —]zvn“eivRuvgf(aLe). (5.66)
Then, to obtain the hypersurface Levi-Civita symbol, we observe that n* is the only
vector with a u-component, therefore we can writ
glel = —e6ldmemt]. (5.67)
Finally, using the fact that m,E¢e" = m", we have
1

1
EmambYab = _gnumvmdgdefRﬂVef(e> CO) = znumvlpmGRllVPG<ea 0)) = 2anlm(e, (D),
(5.68)

22These equations are not be confused with Sachs’ optical equations R, and Rj,,;7, which relate

Weyl and Ricci to the variation of shear and twist along the null hypersurface, not away from it.
1,0 K L

23With conventions €123 =1, e = *1/4!811KL8“VP6€,46‘v€p €g.
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which coincides with (minus) the propagating equations on-shell of the torsion-less
condition,

mamp Y x5 —Emtm" Gy (e). (5.69)

It is also instructive to see the explicit role played by the algebraic Bianchi identity.
For vanishing torsion and NP gauge the propagating equation reads

AG—8T+Ap+ (U+F—37)0+2BT+ P =0, (5.70)

where we can further set ®y,; = 0 since we are interested in the vacuum equations. Here
A:=ntV, and 6 := m"V is conventional NP notation, see Appendix For an
expression of this equation in metric language, see e.g. [Madler and Winicour, 2016].
The point is that if the connection is initially independent from the metric, this is a PDE
with a single time derivative in the term Ao; but this term can be eliminated using an
algebraic Bianchi identity, or ‘eliminant relation’ in the terminology of [Chandrasekhar!
1985]]. Using equation (g) on page 48 of [Chandrasekhar, 1985]], which in NP gauge
reads

DA+AG—8(a+B)=6037—y+u—i)—2B(a+p), (5.71)

we can replace Ac with §(& + ) — DA plus squares of spin coefficients. In metric
variables, this would indeed be a trivial manipulation, since the time derivative is now
simply shifted from Ac = —m*m" 9,0, Yy + ... to DA = —m*m" 9,9, Yy + . ... But
used in the first order formalism with an independent connection (where now

holds with all & quantities and it is derived from ), relates non-trivially the
propagating equations to the tertiary constraint.

Finally, concerning the geometric interpretation of this constraint, recall from
Section [5.3.2] that it is there to stabilise the light-cone conditions: hence, Einstein’s
propagating equations can be seen as the condition that a metric-compatible connection
shear on the initial null slice, remains metric at later retarded times

5.5 Implementation of the Bondi gauge

The discussion in the last two Sections has been completely general: apart from the
condition of having a null foliation, we have not specified further the coordinate system.
We now specialise to Bondi coordinates, presenting the simplified formulas that one
obtains in this case. We will then use this gauge to prove the equivalence of the
symplectic potentials of the first-order and metric formalisms, which in particular
identifies the connection shear with the momentum conjugated to the conformal 2d
metric; and to discuss a property of radiative data at .# .

To that end, we completely fix the internal gauge, adapting the doubly-null tetrad to
a 2+ 2 foliation. For the interested reader, the Bondi gauge for our tetrad without the
complete internal gauge-fixing is described in Appendix We take ' = (1,0,0)

Namelyp=p,k=e=n=0,7=a+ . See Appendix’m]for details.

25This can be compared with the metric formalism of [Torre, 1986], where the propagating Einstein’s
equations also arise from the stabilisation of the light-cone shear-metric conditions, but as multiplier
equations, not as constraints.

87



as in (5.39), and use the first-class generators K and Ty to fix E] = (1,0,0). This
internal ‘radial gauge’ adapts the tetrad to the 2 + 1 foliation of constant-r slices:

x'=(1,0,0), E =(1,0,0) = E,=(1,0,0), E=.f m'=(0,0E2).

(5.72)
The determinant of the triad now coincides with that of the induced metric y45 (hence
triad and metric densities now conveniently coincide). This fixes five of the internal
transformations, leaving us with the SO(2) freedom of rotations in the 2d plane of
mappings m* — ¢"¥m*. We will not use this freedom in the following, and if desired
can be fixed for instance requiring the triad to be lower-triangular. Now we impose
the coordinate gauge-fixing. On top of the null foliation condition g% = 0, the Bondi
gauge conditions are g* = 0, plus a condition on r, typically either the areal choice
VY= r?£(0,¢), or the affine choice g”! = —1. We take here the affine Bondi gauge,
and report the details on Sachs areal gauge in Appendix[A.8.2] From the parametrisation
(5.16), we can read these conditions in terms of our tetrad variables:

1 ,
g% = —NEZ-“)(’ = (—1,0,0). (5.73)
Using the internal gauge-fixing |D El'y" = E! =1, hence (5.73)) implies EA=0
and N = 1, as in the metric formalism. The metric (5.13) and its inverse reduce to the
following form,

2U + ’}/ABNANB -1 ’}/ABNB 0 -1 0
Suv = 0 0 , gtV = —2U NA |, (5.74)
YaB YA B
where we redefined 2U := —1 — 2N" for convenience. The triad and its inverse are
; 1 0 1 0
i a_
B (o mr ) B () 67

where as before we use M = 2,3 for the internal hypersurface coordinates orthogonal to
X', and E3; is the inverse of the dyad EY.
The structure of the null congruence of /, reduces to:

kp=-n'  x=n,, (5.76)
O()AB = T‘IZZEB)M, 0 = ny Ex, O()AB = anEB]M- (5.77)

The lapse equation (5.60) simplifies to
n =0, (5.78)

so this connection component is set to zero by working with a constant lapse. The
vanishing of the twist imposed by L, (in absence of torsion) now reads

Mg == N EY =0. (5.79)
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This equation is the null-hypersurface analogue of the familiar symmetry of the extrinsic
curvature in the spatial hypersurface case, there analogously imposed by part of the
Gauss constraint: K, := K[laEzl;} = 0. The radial boost K, simplifies to

Ky =v7(00)— a0 v7), (5.80)

o

and its solutions give the affine Bondi-gauge formula for the expansion, 6 ;) = ;) :=
dyIn/y. The solution of the light-cone secondary simplicity constraints (5.61)) now
gives

() = E; 0,E4, (5.81)

namely the expression for the shear in affine Bondi gauge, written here in terms of the
dyad Ef,,.

5.5.1 Equivalence of symplectic potentials

We now show the equivalence between the symplectic potential in connection variables
(which we can read from the pSg part of (5.23)) and the one in metric variables
(5.9), thereby identifying the canonical momentum to the conformal 2d metric in the
connection language. It will turn out to be the connection shear of the canonical normal
”;11 = NIy, as to be expected from the on-shell equivalence of the first and second
order pure gravity action principles. As in the usual space-like canonical analysis,
the equivalence of symplectic potentials will require the Gauss law. We begin by
eliminating '’ and 7/ from the phase space, completely fixing the internal gauge and
using the primary simplicity constraints, and consider then only the first term of
for the symplectic potential. Since our main focus are the bulk physical data, we will
neglect boundary contributions to the symplectic potential, and show the equivalence in
the partial Bondi gauge g” = 0. The reason not to fix completely the Bondi gauge is
to keep both lapse and an arbitrary /¥, to show a more general equivalence holding
regardless of the choice of coordinate r. Hence, we want to show that

~ -(gOA:O) AB
o= [ 28, =" [ ISy, (5.82)
> Y

with ITyp given by (5.6).

The partial Bondi gauge is EI.A xi= Ef‘ = 0, which implies n¥ = 0 on shell of the
Gauss law, see . This eliminates two monomials from the integrand, and we are
left with the following two terms:

o= [2Essn;~ [ 2ELsnl + 7). (5.83)
X X

Accordingly, here and in the following we will restrict attention to variations preserving
the gauge and the Gauss constraint surface. Let us look at the right-hand side of (5.82).
We expect from the metric formalism that the conjugate momentum is build from the
congruence of n‘f = NI*. Its shear and expansion are just N times those of /", which
we can read from (5.45)); its non-affinity is k(, ) = d,InN = n! using the lapse equation
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(5.60) in partial Bondi gauge. Accordingly, we consider the following ansatz for the
momentum,

Mg == N Egy — yap(Egm} + 1)), (5.84)

whose decomposition gives

o o

1 I o
Map — sl = NAEBm — SO () = O(uyap,  TI=-0(,)~ 2n,,  (5.85)

where we used n¥ =0 = nf‘g’ Epjy from the Gauss law. This momentum reduces to the
one in the metric formalism (5.6) by construction, and we now show it satisfies (5.82).
To that end, we first observe that E = /¥ is now a 2 x 2 determinant. This means that
detEf{’ = detEf,I, and the inverse induced metric has the following expression in terms

of canonical variables, -
A 7BM
PB — EyE

S S— 5.86
(detE4y)? (5:86)
A simple calculation then gives
HABS’)/AB = —HAB(S}/AB =-2 [H(AB)EBM —HEAVI] 55231
) [ng‘jEB) wEBNSES +nlEM 65;‘4] . (5.87)

where we used 8 det E = EM SEA. Next, we use again n[MEm 1y = 0 from the Gauss law,

so the first symmetrised term above gives twice the same contribution. Using the fact
that 0,/7 = NEMSEM, we finally get

M85 yp ~ —2 | M SEY +118/7|, (5.88)

and (5.82) follows up to boundary terms. We have thus verified that in the first order
formalism the (traceless part of the) conjugate momentum to the induced metric is the
connection shear of n; = Ni,.

We also remark the presence of a term proportional to the 2d area. As in the metric
formalism, this is a measure-zero degree of freedom, that can be pushed to a corner
contribution and describes one of Sachs’ corner data. A similar corner term appears in
the spinorial construction of [Wieland, 2017al], where it is shown to admit a quantisation
compatible with that of the loop quantum gravity area operator. See also [Freidel and
Perez, 2015]] for related results on 2d discreteness.

This result provides an answer to one of the open questions of [Alexandrov and
Speziale, 2015]], namely that of identifying the Dirac brackets for the reduced phase
space variables. We did so looking at the symplectic potential as in covariant phase
space methods, and completely fixing the gauge: this introduced additional second
class constraints that could be easily solved, e.g (5.78). Whether it is possible to
write covariant Dirac brackets without a complete gauge-fixing remains an open and
difficult question, because of the non-trivial field equations satisfied by the second class
Lagrange multipliers.

It is interesting to compare the situation with the space-like case, where the dynami-
cal part of the connection is also contained in components of 1), except now ¥’ belongs
to a time-like 4-vector (and we can always set ¥’ = 0, a choice often referred to as ‘time
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gauge’, since e’ o< dr). These dynamical components describe boosts and therefore do
not form a group. An SU(2) group structure can be obtained via a canonical transfor-
mation, to either complex self-dual variables, as in the original formulation [Ashtekar!
1986/, or to the auxiliary Ashtekar-Barbero real SU(2) connection (see e.g. [Thiemann,
2001]]): the transformation requires adding the Immirzi term to the action, and the price
to pay is either additional reality conditions, or use of an auxiliary object instead of a
proper spacetime connection. Using a null foliation appears to improve the situation:
the three internal components of 17 can be naively@ associated with the radial boost K,
and the two ‘translations’ Ti, or null rotations, related to the ISO(2) group stabilising
the null direction of the hypersurface. But as we have seen above only the translation
components N2 enter the bulk physical degrees of freedom, which are described by
the connection shear. The component 7! x; is on a different footing: it enters the spin
coefficients o, 3,y and € (see Appendix [A.4), and is treated in a way similar to the
expansion 0, in that it is fully determined from initial data on a corner. We plan to
develop these ideas in future research, in particular investigating the relation with a loop
quantum gravity quantization based on the translation components of the connection,
representing bulk physical degrees of freedom.

To complete the comparison between null and space-like foliations, in the latter
case the canonical momentum conjugated to the induced metric is build from the triad
projection Ké of the extrinsic curvature (see e.g. [Thiemann, 2001] for details). For
a null foliation, the canonical momentum conjugated to the induced metric is related
to the shear of the null congruence. The comparison is summarised by the following

table

foliation space-like null

relevant internal group SUQ2) ISO(2)
momentum conjugated to metric || I, = K.Ep; — qupKLES | Ty = 25;(NLE] — qupnE)

To help the comparison in the table above, we have used the fact that in our formalism
we can define the raised-indices hypersurface metric ¢“, and use it to prescribe an
extension I, of (5.84) on the whole hypersurface

5.5.2 Radiative data at future null infinity

As a final consideration, we would like to come back to the geometric interpretation
of the tertiary constraints, and point out that the very same algebraic Bianchi identity
that links them to the propagating equations, also plays an interesting role in the
interpretation of the radiative data at .# .

To that end, we consider in this subsection the case of an asymptotically flat space-
time, and the u =constant null foliation attached to future null infinity .& T. In this

26To make the argument precise, we should embed the dynamical components into a covariant
connection whose non-dynamical parts are put to zero by linear combinations of constraints, see e.g.
[Alexandrov and Livine, 2003]] for an analogue treatment in the space-like case.

ZTFor the reader interested in the time-like case, see [Alexandrov and Kadar, 2003].

28The equivalence (5.82)) can then be written with TI*’ §¢,,, on the right-hand side, and trivially holds
because the extra pieces now present are put to zero by the constraints and/or gauge conditions.
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setting, we can compare our metric and doubly-null tetrad to those of Newman-
Unti [Newman and Unti, 1962, Newman and Tod, 1981,/Adamo et al., 2009] mostly
used in the literature, and use the asymptotic fall-off conditions for the spin coefficients
there computed@ We refer the interested reader to Appendix for the details, and
report here only the most relevant results. In particular,

c=—+00"), (5.89)

and the asymptotic shear —c°(u, 6, ¢) fully characterises the radiative data at .#* [Pen:
rose, 1963, Newman and Penrose, 1962,|Ashtekar, 1981]]. Ashtekar’s result [[Ashtekar!
1981]] (see also [Ashtekar, 2014] for a recent review) is that the data can be described
in terms of a connection D, defined intrinsically on ., related to the shear by
Gﬂv = Dyly — %yuv Y?°Dpls. This description has led to a deeper understanding of
the physics of future null infinity, showing among other things that the phase space at
"t is an affine space (there is no super-translational invariant classical vacuum). The
connection description at .# " inspired and is exactly analogous to the local spacetime
connection description studied in this paper.

From the perspective of the 2 + 2 characteristic initial-value formulation (with
backward evolution — or we should rather say final-value formulation), this means
that one can think of .# ™ as one of the two null hypersurfaces, but the relevant datum
there is not the shear along it (which vanishes!), but the transverse asymptotic shear
—0%(u,0,¢) at varying u, see Fig. However, we now show that thanks to the
Bianchi identity (5.71)), this datum can also be identified as shear of a vector field in the
physical spacetime.

Figure 5.2.  Characteristic initial-value problem at #*. One prescribes data on a
chosen ug hypersurface of the foliation attached to future null infinity, plus the asymptotic
transverse shear —s°(u, 0, ¢). Thanks to the algebraic Bianchi identity , this can also
be understood as prescribing a certain shear for the non-geodetic asymptotic null vector
d, — 9, in the physical spacetime.

To that end, consider the second null vector of the tetrad, n*. It is null everywhere
but non-geodesic, with

n'Vynt = —yn* +vm# +cc. (5.90)

In the asymptotic expansion,
ndy =% 9, — 0, (5.91)

2In using these results, care should be taken in that the authors use a slightly different definition of
coordinates:  is now 1/+/2 the retarded time, and r is /2 the radius of the asymptotically flat 2-sphere.
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is leading-order twist-free and affine, but still non-geodesic:

0
Wy = Im(p) = mHm"Vyny, = o(r ), y=0(r"?), V= % +0(r72).

(5.92)
The non-geodesicity at leading order depends on one of the asymptotic complex pro-
jections of the Weyl tensor, in turn given by the radiative data l,llg = 66()@ Since n*
is not geodesic, it is also not hypersurface orthogonal, in spite of being twist-free at
lowest order: the radiative term G prevents the identification of a null hypersurface
normal to (5.91) (except in the very special case of completely isotropic radiation at
all times). Consequently, there is no unique definition of shear for the congruence it
generates. Using the NP formalism, it is natural to consider the shear along the 2d
space-like hypersurface spanned by m*, and define

0
On) = —A = —m”n‘z"an“ = )LT + O(I’_z). (5.93)

At the same lowest order O(r~ ), the algebraic Bianchi identity (5.71) can be solved
to give
20 =6, (5.94)

which relates the transverse asymptotic shear to the A-shear of n*. Hence, the radiative
data at future null infinity correspond to a shear of a non-geodesic vector field ‘aligned’
with .# . The fact that the vector is non-geodesic shows that the asymptotic 2 + 2
problem can not be formulated in real spacetime. On the other hand, this is how close
one can get, in terms of the interpretation of the main constraint-free data, in bridging
between the local 242 characteristic initial-value problem, and the asymptotic one.

5.6 Concluding remarks

Here we have presented and discussed many aspects of the canonical structure of Gen-
eral Relativity in real connection variables on null hypersurfaces. We have clarified the
geometric structure of the Hamiltonian analysis presented in [Alexandrov and Speziale!
2013]], explaining the role of the various constraints and their geometric effect on a
null congruence. We have seen how the Lorentz transformations of the null tetrad are
generated canonically, and how to restrict them so to adapt the tetrad to a 2+ 2 foliation,
and compare the connection Hamiltonian analysis to the metric one. Restricting our
analysis to the Bondi gauge we have identified constraint-free data in connection vari-
ables. The metric canonical conjugated pair ‘conformal 2d metric/shear’ it is replaced
in the first order formalism by a pair ‘densitized dyad/ null rotation components of
the connection’, with the null rotations becoming the shear on-shell of the light-cone
secondary simplicity constraints. In the presence of torsion, the connection can pick
up additional terms that contribute to the shear, twist and expansion of the congruence,
leading to modifications of Sachs’ optical and Raychaudhuri’s equations.

Even in the absence of torsion, the on-shell-ness is not automatically preserved under

30This can be seen solving at first order in 1/r the NP components R,y and Ry, of the Riemann
tensor, see e.g. (310i) and (310m) of [[Chandrasekhar, 1985]].
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retarded time evolution, but it requires tertiary constraints, unusual in canonical formu-
lations of GR. We have shown that the tertiary constraints encode Sachs’ propagating
equations thanks to a specific algebraic Bianchi identity, the same that allows one to
switch the interpretation of the radiative data at .#* from the transverse asymptotic
shear 6¥ to the ‘shear’ A° of a non-geodetic null vector aligned with .#*. The identifi-
cation of the connection constraint-free data as null rotations means that the degrees of
freedom form a group, albeit non-compact, hence one could try to use loop quantum
gravity quantization techniques without introducing the Immirzi parameter [?]. Some
of the corner data, which we did not investigate here, have already be shown to lead to a
quantization of the area [Speziale and Zhang, 2014} Wieland, 2017b, Freidel and Perez!
2015]. A quantization of the connection description of the radiative degrees of freedom
can lead to new insights both for loop quantum gravity and for asymptotic quantisations
based on a Fock space.

We infer that the connection formalism can provide a new angle on some of the open
questions on the dynamics of null hypersurfaces in GR. We left some open questions that
are interesting to investigate: the symplectic potential and Dirac brackets among physi-
cal data without the Bondi gauge, the inclusion of boundary terms and identification of
the BMS generators in this Hamiltonian language.
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Chapter

Conclusion

In this thesis, we discussed different aspects of the derivation of conserved charges in
the first order formulation of GR and we explored different formalisms to described
such conserved charges. The basic element of our analysis was the Einstein-Cartan
action, which describes the gravitational field in terms of tetrads variables and affine
connection and could be generalized to the presence of torsional degrees of freedoms.
To derive conserved quantities, we first introduced the two common approaches, the
Hamiltonian methods which is based on a phase-space splitting and it is not covariant,
and the Noether theorem which applies to every Lagrangian density but in this case
applied in a subtle way as the symmetries that we are considering are local gauge
symmetries. We have then discussed the covariant phase-space formalism and we
showed how the Hamiltonian and Noether charges can be derived from the symplectic
structures and which are the ambiguities between the different definitions.

The study of these ambiguities have an important role if one consider some sort of
boundary degrees of freedom. In particular, it has been shown that the boundary term
which breaks the gauge invariance leads to an interesting description in terms of a con-
formal field theory on the boundary [Wieland, 20174, Freidel and Perez, 2018, Freidel
et al., 2017b]. In this interpretation the redundancy fixed at the boundary is not a gauge
invariance but could be interpreted as a physical degree of freedom, for different choice
of the boundary gauge fixing we could select different physics.

In this context, our work can be viewed as a further step in understanding more deeply
the connection between the gauge invariance of the symplectic potential and the surface
charges and we hope that may aid to have a clear distinction between different methods
to derive them.

Another interesting analysis that could be carried on starting from our gauge invariant
symplectic potential regards the study of BMS charges, the surface charges associated
with the symmetries of asymptotically flat four dimensional spacetimes at null infinity.
In this direction a first direct implementation of our work is to study how the surface
charges defined in finite region trough the covariant-phase space formalism can have a
correspondence with the BMS surface charges. More in the specific, one could ask if the
extension from Poincare charges to BMS charges at null infinity is just a consequence
of the asymptotically-flat limit or could have some physical consequence also in not
idealized (not isolated) systems.
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In the analysis of conserved charges an appealing study is the thermodynamical
interpretation of gravitational field, which is based on the derivation of a conserved
energy-momentum tensor off-shell of the fields equations. We treated this problem
in the tetrad and connection variables starting from the Jacobson analysis [Jacobson.
1993]], to see which were the main differences respect to the metric formulation and
if they could lead to an interesting insight of the first order tetrad formulation. Two
interesting features arised in this case: the first one concerns derivation of the first law of
thermodynamics for BH, while the second one was related to find a proper conservation
law for the energy-momentum tensor valid also not on-shell of the equations of motion.
The first issue is related with previous analysis of the symplectic potential as to prove
the first law we needed an energy-momentum tensor. In this analysis we also pointed out
that the derivation of the first law from the two tetrad symplectic potential is equivalent,
i.e it is invariant under the cohomology ambiguity in the symplectic potential. This
statement was necessary as we were considering a specific physical application, that do
not depend on the reformulation of the theoretical frameworks. In particular we proved
that it suffices to take into account the non-trivial Lorentz charges that can be present to
make the two formulations equivalent.

For the thermodynamical argument, on the other hand, one needs to identify a conserved
energy-momentum tensor without using the field equations, since these are to be derived.
This analysis was more intriguing as we were able to identify a conserved energy tensor,
conserved not on-shell of the Einstein equations, for the pure gravitational field, but we
weren’t able to find a conserved tensor for the torsion fields. This remains a crucial open
question in order to truly extend if Jacobson?s argument could be extend to theories
with independent metric and connection and to fully understand the thermodynamical
interpretation of the gravitational fields.

In the conclusive part of the dissertation we addressed the problem of the identification
of degrees of freedom selected by the boundary terms in the first order formalism
using the tetrad and connection variables on a null foliation. These variables has a
central role in this analysis as they allows to easily re-write the fields equations in
terms of the Newman-Penrose spin-coefficients and the Weyl tensor, which has a well-
known physical interpretation in the study of gravitational radiation.The use of null
hypersurfaces is crucial to Sachs’ identification of constraint-free data in metric variables
on a double null foliations, which is the only case where one can exactly identify the
non-perturbative physical degrees of freedom without imposing any symmetries on the
physical spacetime.

The problem of the identification of free-initial data is also a well-known problem
in numerical relativity. Current simulations still have some limitations: for example
the initial data present the problem of "junk" radiation that can become relevant in
cases where either the linear momentum or the spin of the black holes are high. This
effect has been shown to affect considerably, for example, the high energy black hole
collisions [Cook, 2000], requiring a specific grid construction to overcome this difficulty.
As consequence a better knowledge on how to improve the initial data construction
would have a great impact for the gravitational wave modelling as will improve a more
the precision of waveforms produced in numerical simulations.

This study has an important consequence also for approaches to quantum gravity. In
loop quantum gravity for example, there exists a compelling kinematical picture of
quantum spacetime, where the smooth manifold of GR is replaced by a collection of
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quanta of space, and geometric operators with discrete spectra and non-commutativity
properties. This picture holds at the kinematical level, namely prior to the imposition
of the quantum version of the Hamiltonian diffeomorphism constraints, and it is not
proved that the same quantum geometry would also describe the physical Hilbert space
of the theory, defined on-shell on the constraints.
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Appendix I

A.1 Exterior calculus of forms

On a differentiable manifold, the exterior derivative extends the concept of the differ-
ential of a function to differential forms of higher degree and it allows for a natural,
metric-independent generalization of Stokes’ theorem, Gauss’ theorem, and Green’s
theorem from vector calculus.

The exterior derivative of a differential form of degree k is a differential form of degree
k+1. Consider a smooth function f (a O-form), then the exterior derivative of f is the
differential of f, df . This is the unique 1-form such that for every smooth vector field
X, df(X) = dxf, where dx f is the directional derivative of f in the direction of X
and for any O-form (smooth function) f it satisfies d(df) = 0. These properties can
be extended to any k-form o and more generally we can define the exterior derivative
as the unique linear mapping from k-forms to (k + 1)-forms satisfying the following
properties:

1. df is the differential of f, for O-forms f (smooth functions);
2. d(da) =0 for any k-form a;
3. d(anB)=danB+ (1) (andB).

The main advantage of the exterior calculus form is that it allows to work in an arbitrary
manifold without worrying of the coordinate system’s choice. Of course one can
always come back to work a local coordinate system (xi,...,x,), where the coordinate
differentials dxi, ...,dx, form a basis of the space of one-forms, each associated with
a coordinate. Using the one-forms basis and denoting dx'! A --- A dx'* with an abuse
of notation as dx! (where I is a multi-index I = (i1, ..., i;)) the exterior derivative of a
k-form @ can be expressed as

of .
do = 2T axi paxd. (A.1)
dx!
In particular, for a 1-form w, the components of d® in local coordinates are
(dCO)ij zaia)j—8ja),~. (A.2)
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Appendix II

A.2 Index jugglers

In this Appendix we prove Proposition 1, namely that the matter Noether identities
on-shell of the matter field equations, plus the torsion field equation (3.12b),
imply the conservation law for the effective energy-momentum tensor (3.29), reported
here for convenience

1
do(e) {w + EPUKL(eJ Ndg(e)CKF+ ! NCKM A CML)] =0, (A.1)
namely,
1
ooy 71 = 5 Pk <eJ ACKy AFME(e) 4+ ¢! Ad o CKM A CML> . (A2)

To prove this identity, we start from (3.27b). On the left-hand side, we split the
connection into Levi-Civita plus contorsion, see (3.13), obtaining

dep*T = dw(e) *T] — (CJKJE’[)eK AxTy+ TJ_|€1 N*xTjy (A.3)
where we used
T'=C"ney — CF =—(C"Lep)ex +T7 Ley. (A.4)

In the second term of the right-hand side of (A.3) we use the second Noether identity
(3.274), whereas the last term cancels the corresponding one on the right-hand side of

(3.276), which then reads

1 1
dw(e) *Ty = —FJK((D)Jel N*xOjx — 5 (CJKJ€1)dw *OJK

2
1
- 167 [F]K(w)—‘el A _(CJK—‘eI)dw] P]KLMeL /\CMN A eN
1
T 16m RFJK(e) T dw(e)CJK> _er A\ _(CJKJel)dw(e)} Prxrmes NCMy név.

(A.5)

In the second equality above we eliminated the torsion source using the corresponding
field equation (3.17). In the third equality we expanded the curvature using the contor-
sion, see (3.15), and observed that the piece quadratic in C cancels the contorsion part
of the exterior derivative in the last term ]

IFollowing the same steps but without eliminating the torsion source in favour of the contorsion one
gets (3.30) in the main text, which does not use the torsion field equations but only the Noether identities.

105



Having performed these simplifications, our goal is to show the equivalence of the right-
hand sides of (A.2)) and (A.5)). This will follow from the equivalence of the terms with
the Riemann tensor F'/(e), and the equivalence of the terms involving the Levi-Civita
exterior derivatives. Both are consequences of trivial algebraic symmetries. Let us show
them one by one. We notice in advance the following useful cycling identities:

PUKLeK/\FLM/\eM = _PABC[IeA /\FBC/\EJ}, (A.6)
Pk F*™ ACy* = —PypcF*P ACEy, (A.7)

which are easy to check.
To show the equivalence of the terms with the curvature, we start hooking a cotetrad
vector field on a trivially vanishing 5-form,

0= (PJKLMFJK(E) A ek A CMN VAN 6N> ey
= P]KLMFJK(e)Jel Ael A CMN neV + P]KIMFJK(e) A CMN A
— Prxrm (CMNJeI)FJK(e) AelneY + PJKLMFJK (6) Ael A CM]. (A.8)

Of these four terms, the third vanishes identically: its 1/ part directly through the
algebraic Bianchi identities for the Riemann tensor, the other part because of the
antisymmetry in the LP indices. The second and fourth terms recombine giving the
left-hand side of (A.7), hence (A.8) gives

2P k1 FKM(e) N CML Nel = Prxmr (FJK(e)_leI) Al A CMN N eN, (A.9)

which proves the equality of the curvature terms of (A.2) and (A.5).
The equivalence of the d,(,)C terms follows analogously. We hook the following
5-form,

0= <PJKLMCJK Ael A dw(e)CMN N €N> ey
= PJKLM(CJK_neI)eL A dw(e)CMN Ae — P]K[MCJK A dw(e)CMN AeV

+ PrkenCT Nt Nd o) CY v ser N + PrkiuC Net Nd gy CMr. (AL10)
Using an identity like (A.7), the second and fourth term give

PremiCT* Ny CY eV = =2Pykp Ne' Ny CF e AN CYME (A.11)
For the third term we have

PJKLMCJK Ael A dw(e)CMN_lel Ael = —P]KLde(e)CMNJe[ Ael ANCTE A ey (A.12)

= PJKLde(e)CJKJel Ael A CMN A\ eN,
which follows from a similar cycling identity as before. Hence, (A.10) gives

2PykL Ne’ Ny CXu NCME = Prgpndy o) CT5 sep Ae" ACY iy NeN (AL13)
+ Prxim (CJK_neI)eL A dw(e)CMN N eN7

which proves precisely the equivalence between the dg,)C terms in (A.2) and (A.5).
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Appendix III

A.3 Covariant Phase Space Methods

In the covariant phase-space methods one defines the symplectic potential form in the
field space as the integral over the hypersurface X:

O(8) = /Z 6(5) (A1)

of the boundary term ®(J), obtained by varying the Lagrangian. The variation &
represents a vector field over the field space, hence ®(8) = I50 is understood as the
inner product between a one form and a vector field. The pre-symplectic 2-form is the
exterior derivative in field space of the symplectic potential and it is denoted by Q = 6 6.
It can be written in terms of standard functional differentials as follows,

Q(61,8,) = 6[0(8)] - &[0(6))] — O[6, 8] (A.2)

This quantity depends a priori on the hypersurface X chosen to evaluate the integrals,
but it can be easily shown to be closed in spacetime, dQ ~ 0, if the fields and their
linear variations are on shell.

Having a pre-symplectic form at disposal, one can look for Hamiltonian generator
associated with a symmetry & as in classical mechanics, starting from

6Hg :=Q(6,6) = 6(0(6¢)] — 6:[0(5)] — O[5, &] . (A.3)

The slashed delta used in this definition is meant to highlight that the right hand side
is not necessary a total function variation. When it is, we say that the expression is
integrable, and refer to H; as the Hamiltonian generator. It would make sense to refer the
generic expression (A.3) as pseudo-generator. However this distinction is rarely made,
and on the contrary some literature loosely refers to (A.3) as Hamiltonian generator,
even tough this makes sense only in integrable case. By inspection of (A.3)), we see that

S5.ps[®(8)] =0,  [5,8:]=0, (A4)

are sufficient conditions for integrability. A necessary and sufficient condition is
| iew(81,8) =0, (AS)
Jx

where (61, 8,) is the integrand of (A.2).
It can be shown by explicit calculation that for a gauge and diffeomorphism symmetries

the integral of (A.3) is exact. The generator is then a surface integral, if X has a signle
boundary, and this is referred to as Hamiltonian charge.
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Appendix IV

A.4 Spin coefficients

We use y' = (1,0,0) and v* := (v*> £ iv?) /v/2. For the tetrad derivatives we have

1 1 N
D=1V =CE{Ve,  A=nVy=5(V, = (N"+ZE[)Va), (A.1)
§=m'V,=E*V,, §=m"V,=EiV,. (A.2)

For the spin coefficients we use the standard notation consistent with our mostly plus
signature (which carries an opposite sign as to the notation with mostly minus signature)
and use an apex o to keep track of the fact that the connection @/} is off-shell. We then

L

have

o 1 s S B 1,1

o _§<n,u61u+m“6m”):—E+na—2r1+—zw —ESIHN (A3)

° 1 1 1 1

B 1= — (w8l +m¥ Siny) = JEn] _%r1_+4w — 58N (A4)

o 1 1 1

y: —5(”“Alu+m“Amu) = _ZNEfna Nen)!+ Nm+2N“Efr1]+4N (Ehe1mo™)+
(A.5)

+ = ! (o' — i) — lAlnN
200 072

o 1 _ 1 I 1

€= _5(”“Dlu +mt D) = N f’na aEyvalle EDlnN (A.6)

o 1

) 1, N V2, o _

Ti= —mt Al = SEn, o, - W(mg — ") (A.8)

o 1

o :=-—mMol, = —]T]Eﬁn; (A.9)

o = 1

p:=—mtol, = —NEina_ (A.10)

o 1

U= m“énu = EN(EﬁT];_ — o' —iry —ir33> (A.11)
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° N N)? N
vi=m'Any, = —Z(NEI“ + 2NN, — %(aﬁ —ir_)— EN“(Ea1 ot— (A.12)
: 1
1 . 0 1
+Efo' —2E )+ mN(wo+ +ay™)
o < 1
Aoi= it Sy = SN (B4 +2r5 —irp +irs3) (A.13)
o 1 1
T :=m'Dny = EEfnj-l—Ea)Jr—irl, (A.14)

Under the rescaling (I#,n*) — (I* /A,An") (a class III transformation),

1 % 1 1 1 1
oc»—>oc—ﬂ6A, [3»—>[3—ﬂ6A, yHAy—ﬁAA, swze—ﬁDA,
(A.15)
1 1 1
k'_)ﬁk’ T— T, GHZO', pr—>Zp, u—Au, (A.16)
Vi A%y, A — AL, T T, (A.17)

Hence, many factors of N disappear in the spin coefficients if we use the ADM-like
normal lﬁDM = —Ndyu.

A.5 Congruence

The complete expression of the congruence tensor with an affine connection is

S . 1 .. 1 1 .
0
Volp = wo’(]—V«%'anJNa —Xi)+ NG)SJXJ'EQN“ + NaoN, Valp = Ne%'jrléEé,
1 . S 1 S
Vol, = N(wgf%E; + OV AED), V= n;(N%jN“E,; — %)+ duInN
(A.18)

with projection B,y =1P ,, 1 ,V,ls given by
1 1 1
Boo := —q N N'nMEM Boy = —g? NOMEM B,y= —¢" NMEM,
N N N
1 o
Bap = 3,4 ad" b 21T} (A.19)

A.6 Tetrad transformations and gauge fixings

At the Hamiltonian level, the Lorentz transformations are generated by the Gauss

constraint ¢, usually decomposed into spatial rotations L; and boosts K;, whose
canonical form from reads

1 . ~ o »
L= Eeijkgjk = aa(eijkE;'lxk) — & NJEL — &/ @' x,

K; := Y = 0aE + (B2 — ESxi)ml — 20 (A.20)
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Since we are working on a null hypersurface, it is convenient to introduce the sub-
groups ISO(2) stabilising the null directions x/, = (£1, "), with generators T’ :=
1/2eVKLy jJxp and TT := —1/2eKLx_;Jg;. Both groups are 3-dimensional and
contain the helicity generator Ly, plus two independent pairs of ‘translations’, Ti =
gliky T} stabilising xﬂ_, and f’i = gliky ka stabilising x/ . Taking both sets and the
radial boost K, we obtain the complete the Lorentz algebra, expressed in terms of
canonical variables in (5.56)).

For ease of notation and to make the formulas more transparent, we fix from now
on ' = (1,0,0), as we did in most of the main text. We use the orthogonal internal
indices M = 2,3, and write the canonical form of the generators as follows,

Ly = eiunE™MnY, Ty = —emE{m.
K1 =0.E{ —EymY,  Ty=—emi(Efn, —20,E° —2E 0, +2&").  (A21)

To compute the action on the tetrad, we use the brackets (5.29). First of all, Tj; change
the internal null direction y':

{Tv, xn} = —€1mw. (A.22)

Since the direction is gauge-fixed by (5.28)) in the action, these constraints are second
class.
The stabilisers Ty, are first class, and can be used to put the triad in (partially) lower
triangular form: N N
{Tu,E!'} = —3€1miEY, (A.23)

so we can always reach Ej, = 0 with these transformations, and E j = 0 follows from
the invertibility of the triad. The radial boost Ky can be used to fix E{ = 1, since

(Ki,El} =0, {Ky,E}=1E,  {K,E]}=—LE] (A.24)

The triad so gauge-fixed reads

; 1 0 1 0
- a
B=(aay ) (o om) (A2

where Ef‘” is the 2d dyad with inverse Ef, and E{‘ = —EYEM  In this gauge, d¢! = dr,
so the coordinates are adapted to the 2+ 2 foliation. Furthermore, E = /¥ and so
v/—& = NE = N,/7. Finally, the helicity rotation L, acting as

{Ll,El-a} = %elMiEjt\l/[; (A26)

can be used to put to zero one off-diagonal component of the dyad and thus complete
the triangular gauge of the triad.

Using hypersurface diffeomorphisms instead, we can put the triad in (partially)
upper-triangular form:

Do =20(NIEL) —2EP O} +20'9;,  {D(N),E{} = £4ES, (A7)

so we can use Z, to fix EAy =0, and , to fix E] = 1. This gives

i (1 El « (1 Ey
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with £y, = —E;{‘,,E j. In this gauge the hypersurface coordinates are not adapted to the
2+ 1 foliation (the level sets r =constant do not span the 2d space-like surfaces), on the
other hand the tangent to the null directions is now the coordinate vector d,.

For clarity, the various conditions that can be fixed using the various constraints are
summarised in the table below, where by ro s we mean the final gauge fixing on r, for
instance affine or areal.

T Da Dy
§0=0 |E'% =0 EM=0|Eyx=1autry
T! T! Ky Ly
x'=(1,0,0) | Ej;=0 & Esx =0 | rgpautE'y =11 6

Notice that if one does not fix the upper or lower triangular form of the triad, the
inverse of the 2d dyad if of course not given by the corresponding entries of the inverse
triad. A general parametrisation of the triad in terms of the dyad can be easily written
as follows,

i_( M & fu oL (1 — fu
i ( o met(n ) e

Here &M is the dyad and &} its inverse, E = &M and M = M— YiEMfyisa2+1
lapse function. Then Y5 = éjf” &yp and

_ YagY'Y? YAB?’B>
qab_( YaY s ) (A.30)

The Bondi gauge sets = 0, namely ¢,, = 0.

A.7 2+ 2 foliations and NP tetrads

We collect here various useful formulas relating the tetrad formalism to the 2 + 2
foliation of [d’Inverno and Smallwood, 1980] and [Torre, 1986]]. As briefly explained in
Section the 2 + 2 foliation is induced by two closed 1-forms, n* := d@* locally,
a =0, 1. These define a ‘lapse matrix’ Nyg, as the inverse of NoB .— nfjnﬁu, and a

dual basis of vectors nh, := Nog g”vne. Note that ng and nﬁt are tangent respectively

to the hypersurfaces ¢! = const and ¢° = const. We assume detNgp < 0, so that
the codimension-2 leaves {S} are space-like. The projector on {S} is 1* , := &} —
Naﬁn““ne, and the covariant induced metric y,y :=1,y. The 2d spaces {T'} tangent
to nb are not integrable in generic spacetimes, since L* y[ng,n1]¥ # 0. This non-
integrability is often referred to as twist in the literature. On the other hand, the
orthogonal 2d spaces foliate spacetime by construction, and we can introduce shift
vectors to relate the tangent vectors to coordinate vectors, b, = (Dpa ) — ny.

To write the metric explicitly, we take coordinates (¢*, ) adapted to the foliation,

then

[ Nap +1a8babg vecby w [ N —NeBy
e b me )8 T\ -NPawy B NPl
(A31)
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For a null foliation, we fix one diffeomorphism requiring Ny; =0 = N — gOO, so that
the first normal is null, and N°! = 1 /Ny, N1 = —Noo/Ngl. The norm of n' is N'! and
we leave it free (it can be both time-like or space-like without changing the fact that the
orthogonal spaces {S} are space-like), but notice that we can always switch to a null
frame (n",7') with

1
il = Noin' + ENoono, l@')>=0,  mpa't=1. (A.32)
This can be used to define the first two vectors of a NP tetrad adapted to the foliation,
vialy 1= —ng, ny =1 L, so that the 2d space-like induced metrics coincide
Notice that acting with a Lorentz transformation preserving /, we have
nt s nt - amt + amt + a1, mt — m* +al*; (A.34)

one thus obtains a new covariant 2d metric, still space-like and transverse to [, but
not associated with the 2 + 2 foliation any longer. In terms of the NP tetrad, the non-
integrability of the time-like spaces is measured by the two spin coefficients 7 and
T,

my(l,nt =t+7. (A.35)

A.7.1 Adapting a NP tetrad

We can also reverse the procedure: start from an arbitrary NP tetrad, and adapt it to a
2 + 2 foliation. To that end, recall first that

m ] = (1 — )" + (p — p)n* — (ot — B)m¥ + (6t — Bk, (A36)

so the general non-integrability of (m,m) is given by non-vanishing Im(p) and Im(u).
To adapt the NP to the 3 4 1 null foliation, we choose [ := —dq)o. This fixes 3 Lorentz
transformation, and implies Im(p) = 0 = k and T = & + 3. We can also fix the SO(2)
helicity rotation requiring € = €. This leaves us with two tetrad transformations left. To
have a 2 4 2 foliation induced by the tetrad, we need

u—pn= 2m“n'1va[vn“] =0. (A.37)

This is achieved if in coordinates (¢%*,c*) adapted to the foliation m* = (0,0,m?),
hence ny = (cq,0,0) by orthogonality; this fixes the remaining two tetrad freedoms
(And if we fix radial diffeomorphisms to have N°! = —1, this gauge also implies
m = o+ B). Inverting this linear system we find

do0 =1,  d¢' =41, (A.38)

1 1

This identifies ¢ = (Noo/2,No1 ), and follows again. For more on the character-
istic initial value problem in NP formalism see e.g. [Racz, 2014]]. The use of a tetrad
adapted to a 2 4 2 foliation is common, e.g. [Sachs, 1962a, Hawking, 1968, Madler and
Winicour, 2016[], but not universal. In particular in [Sachs, 1962a] the partial Bondi
gauge is completed with N1 = 0 = Nyy = ¢y, so to have both 1-forms d¢* null.
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A.7.2 The Bondi gauge and Newman-Unti tetrad

A more wide-spread tetrad description, particularly suited to study asymptotic radiation,
is the one introduced by Newman and Unti [Newman and Unti, 1962], see e.g. [Newman
and Tod, 1981,|Adamo et al., 2009] for reviews, which is adapted to the 3 4 1 null
foliation and to the Bondi gauge. We take coordinates (u,r,0,¢) and fix g% =0, so
that the level sets of u give a null foliation with normal /,, = —dyu. Recall that the null
hypersurfaces X normal to /,; are ruled by null geodesics, with tangent vector

"9, = g™, = ]lva, — g™, (A.39)

This suggests a natural 2+ 1 foliation of X given by the level sets of a parameter along the
null geodesics (affine or not). The description simplifies greatly if we gauge-fix g% =0,
as to identify the geodesic parameter with the coordinate r, while simultaneously putting
to zero the shift vector of the r = const. foliation on X. In other words, the (partial)
Bondi gauge g" = 0 gives a physical meaning to the coordinate foliation defined by u
and r by identifying it with the foliation defined by the null geodesics on X. In the 2 42
language of [d’Inverno and Smallwood, 1980, Torre, 1986], with adapted coordinate
¢° = u, the gauge corresponds to a vanishing shift vector b’f , so that 8¢1 is tangent to
the null geodesics.

Let us complete the Bondi gauge choosing affine parametrization, namely g% = —1.
The metric and its inverse read

0 -1 0 —g" +gapg'g'® —1 gapg'®
gt = gt g1, guv= 0 0 |. (A40)

g8 SAB

The Newman-Unti tetrad adapted to these coordinates is chosen identifying /,, with
the normal to the foliation, and requiring n* and m* to be parallel propagated along [*.
It is parametrised as follows,

M9y =0,, n'dy=0,+Ud+X%y, m'dy=wd +Ey, (A.41)
with A = ¢, { stereographic coordinates for $2 ({ = cot 6 /2¢?), and
¢ =2(|lwP ), ¢ — 8 L @EA — XA, AP — EAEB LEAEB (A 42)
The co-tetrad is

l”:(—l,0,0,0), ny= <U_gABXA(wéB+(D§B)7_17gAB(w§_B+a_)§B)>7 mM:(_gABgAXBv())gABgE

The coefficients are a priori 9 real functions (U € R, X4 € R?, w € C, &4 € C?)
parametrising the 6 independent components of the metric plus 3 internal components
corresponding to the ISO(2) stabiliser of /*. The helicity subgroup generates dyad
rotations £4 — ¢ EA | and the translations the class / transformations lb The latter
in particular shift ® — ®+a, a € C, and can be used to put @ = 0, so m" = (0, 0,m™)
with 2d space-like components only. This is the 2 + 2-adapted choice described above,
and corresponds to Ej; = 0 as in the lower-triangular form (A.235), that we also used
in Section in the main text to make easier contact with the metric Hamiltonian
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formalism. Alternatively, this null rotation can be used to achieve = 0, so to make n*
and m* to be parallel propagated along [* as demanded by Newman and Unti.

In terms of spin coefficients, we have the following simplifications: k¥ =Im(p) =0,
T = & + B which follow from /, being a gradient, Re(€) = 0 from fixing the radial
diffeos requiring r affine parametrization, and 7 = O from the parallel transport of n*
and m*. Finally Im(€) = 0 if we fix the helicity SO(2) rotation. This complete fixing is
usually referred to as NP gauge, to be contrasted with the 2 +2-adapted gauge described
above, where the condition 7 = 0 is replaced by = = 7 and Im(u) = 0.

Hence, when we refer to the Newman-Unti tetrad in NP gauge there are only
6 free functions of all 4 coordinates. The NP gauge is preserved by class / and helicity
transformations with r-independent parameters.

A.8 Mappings to the y-tetrad

In this Appendix we discuss the detailed relation between the y-tetrad used to perform
the canonical analysis in real connection variables and the results of the previous
Appendix. It provides formulas completing the discussion in the main text.

At the end of Section (5.3.1)) we introduced the internal ‘radial gauge’ (5.23)), stating
that it adapts the tetrad to the 2 + 2 foliation and identifies the lapse function with the
one used in the metric formalism. We now provide the relevant details and proofs. The
x-tetrad and its inverse are given by

r_( N Eu w_ 11 —Xi
€u = ( NaEciz Eé ) e = N\ —N¢ NEl~a+Nan ) (A.43)

where %2 = 1 to have a null foliation, e = EN and N = N — NE! ; is the lapse function.

Taking the soldered internal null directions x4, = eﬁxﬂ of ll and defining m* to

be a complex linear combination of the two orthogonal tetrad directions 2"/ eﬁ.‘ ,e.g.

it — %(65 —ieé‘) when y' = (1,0,0), the basis

(xlia_xliamu7n_/lu)

is a doubly-null tetrad. We then rescale it by
1
H= = —x (A.44)

to define an NP tetrad adapted to the 3+ 1 null foliation as described in the main text, see
(5.40). In general, the 2d spaces with tangent vectors (m*,m*) will not be integrable.
With reference to (A.36]), we see that integrability requires Im(p) = Im(u) = 0. The
first condition is guaranteed by the fact that /,, is a gradient. The second can be obtained
with a class 7 transformation, generated by the translations Z; jTj stabilising /M, fixing

Exx=0 & 2ZYE;=0. (A.45)
In this gauge

mt = (0,0,E%),  ny = (N(N/2+N"E,x),NE%,0,0), (A.46)
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so that the null tetrad is manifestly adapted to the 2 + 2 foliation defined by the level
sets of the coordinates u and r. Then Im(u) = 0 also follows immediately by explicit
calculation of using the fact that m* only has 2d surface components.

In a first-order formalism with independent connection, the statement holds in the
absence of torsion. We have already seen in Section[5.4.2]that on-shell of the torsionless

condition Im(B) =1Im(p). Let us show here explicitly how Im( fL) goes on-shell. From

(A.11)) we have
° N?

o N
Im(p) = —Tlm(P) - 5(’”22 +133), (A47)

and from one of the secondary simplicity constraints (5.30) we have
W = —ry — 33— e"™MVESELOED. (A.48)

The last term vanishes for Ej, = 0 = E}, hence Im( /j) = 0 in this gauge.

To complete the comparison with the 2+ 2 formalism, let us fix the internal direction
x'=(1,0,0), and use M = 2,3 to refer to the orthogonal directions. Then puts
the triad in the form

i _(El o0 « ([ E O

thus EY is the 2d dyad and E3) its inverse, and we further have the equalities E! = 1/EJ,
EM = —EME! /E}. We then have gap = qap = ENEBM = yyp = &M &gy, consistently
with the fact that the metric induced by the dyad is adapted to the coordinates by
the gauge-fixing, and ¢*8 = Ef,,EBM = Y8 is its inverse. Notice that the (partial)
Bondi gauge g% = 0 achieves g*% = y*8, analogously to the vanishing-shift gauge for
space-like foliations.

At this point E = E, /7 and /—g = E,xN,/7. A look at the metric shows that

—1/g" =ExN, (A.50)

hence, the lapse function in the metric Hamiltonian analysis of [Torre, 1986] equals the
one in the connection formulation up to a factor E, ). This ambiguity is not surprising
due to the null nature of the foliation and the lack of a canonical normalization of its
normal. To identify our lapse with the one in the metric formalism is sufficient to fix
the radial boost K, as to have E"y = 1, as we did with . Then also E,x = 1
because of (A.43)) and the triad takes the form (A.23). We also recover the relation

v/—& = N,/ between lapse and the determinant of the metric Hamiltonian analysis.

For completeness, we report below the relation between the ) -tetrad coefficients and
the 2 + 2 foliation with a general radial gauge. The case with coinciding lapse functions
can immediately be read plugging E”y = 1 = E,x in the formulas below.

The relation between the foliating normals and the adapted null co-frame is given

1 <N+ ON"E,

1 0 1y __
X 1+x,1>e n,n" =—
N + ) u




The dual basis, shift vectors and lapse matrix are

nfy =N+ $)i* +nt = (1,0,NE.xE*x —N*), by =N*—N'E.xE*y,

EX
(A.52)
nl = E,yNI* = (0,1,E,xE*y), bt =—ExE'Y, (A53)
~N(N+2N"E;x) —NEx af 0 ~NEz
Nap = NE o ) NUEL L L (NyavEy) )
- X T NEx W( + r%)
(A.54)
and the formulas for the 2d projector and covariant induced metric coincide,
._ _ _ B a B _ QabNaNb qpcN¢
Yuv = 8uv — Xy (uX—v) = 8uv Naﬁ”ynv = ( (]abNb Gab . (A.55)

From lb we see also that E‘f‘ = —Ef,,EﬁW , which provides an alternative characteri-
sation of the second shift vector in terms of EX.
The non-integrability of the {7} surfaces is the same as measured by the null dyad,

1H y[no,n1]Y = [no,m*, my(ng,n|# = —N(t+ 7). (A.56)

Having gauge-fixed N% = 0 to have du null and r affine or areal, we cannot for general
metrics simultaneously take dr to be null. It can be made null on a single hypersurface &
defined by some fixed value of r = ry, if we exploit the left-over freedom of hypersurface
diffeomorphisms to fix N'! = 0. This is what was done by Sachs in setting up the 2 + 2
characteristic initial value problem, further fixing N4 = 0 on the same hypersurface, so
that the normal vector of ¥ at r = ry is just ng =n! =9, as in Fig

A.8.1 The Bondi gauge and Newman-Unti tetrad

In Section[5.5]in the main text we discussed the Bondi gauge with a null tetrad already
adapted to the 2 + 2 foliation. This was motivated by the goal of recovering properties
of the metric symplectic formalism. On the other hand, the Newman-Unti tetrad (A.41))
mostly used in the literature is adapted to the 3 + 1 null foliation only. In this Appendix
we present the relation between our metric coefficients and those of without
fixing the internal ‘radial gauge’ (5.72)). To that end, we first fix all diffeomorphisms
requiring the Bondi gauge

1
—E% = (1,0,0). A.
~EX (1,0,0) (A.57)

We then fix the internal direction x’ = (1,0,0), and adapt [ = —du = x, /N. This
leaves the freedom of acting with the ISO(2) subgroup stabilizing the direction. Be-
cause we rescaled the canonical tetrad by N, we also gain the freedom of canonical
transformations corresponding to the radial boost K, which does not affect /. This
additional gauge freedom should be fixed requiring E”y = 1, implying N = 1. We are
then left with 9 free functions, 6 for the metric and 3 for the internal ISO(2) stabilising

[. Comparing our tetrad (5.40) in this gauge with (A.41)) we immediately identify
1
U:—E—N’, X4 = —NA, ow=E", S (A.58)

The 2 + 2-adapted tetrad is recovered with a class I transformation setting @ = EM = 0.

117



A.8.2 Areal r and Sachs’ metric coefficients

Above we used affine r, as usual in literature using the Newman-Penrose formalism.
The alternative common choice is Sachs’, leaving go; = —&?B free and requiring instead
VT=72£(6,9). Again we fix the internal direction ' = (1,0,0) and the radial boosts

with E”y = 1, so to have the identification of our N > 0 with the metric lapse ¢2#. The
triad has the form (A.28)), and the metric reads

—N(N+2N"4+2N2Esx) + 1apNANB —N  vpN® —NE,x
8uv = 0 0 . (A59)
YaB

Comparing with (5.1)) in the main text, we find

1 1%
B==InN, U*=-N'+Ny8BEpy, —= AN+ N(1 +y*8E s xEpy).

2
(A.60)
Reverting to affine », N = 1 and the map from Sachs’ metric coefficients to Newman-
Unti’s is

V/r=2(|o|*>-U), U* =X* — 0" — @EA.

118



Bibliography

[Adamo et al., 2009] Adamo, T. M., Kozameh, C. N., and Newman, E. T. (2009).
Null Geodesic Congruences, Asymptotically Flat Space-Times and Their Physical
Interpretation. Living Rev. Rel., 12:6. [Living Rev. Rel.15,1(2012)].

[Alexandrov, 2000] Alexandrov, S. (2000). SO(4,C) covariant Ashtekar-Barbero grav-
ity and the Immirzi parameter. Class.Quant.Grav., 17:4255-4268.

[Alexandrov, 2008] Alexandrov, S. (2008). Immirzi parameter and fermions with
non-minimal coupling. Class. Quant. Grav., 25:145012.

[Alexandrov and Kadar, 2005] Alexandrov, S. and Kadar, Z. (2005). Timelike surfaces
in Lorentz covariant loop gravity and spin foam models. Class.Quant.Grav., 22:3491—
3510.

[Alexandrov and Livine, 2003] Alexandrov, S. and Livine, E. R. (2003). SU(2) loop
quantum gravity seen from covariant theory. Phys.Rev., D67:044009.

[Alexandrov and Speziale, 2015] Alexandrov, S. and Speziale, S. (2015). First order
gravity on the light front. Phys. Rev., D91(6):064043.

[Alexandrov and Vassilevich, 1998] Alexandrov, S. Yu. and Vassilevich, D. V. (1998).
Path integral for the Hilbert-Palatini and Ashtekar gravity. Phys. Rev., D58:124029.

[Arkuszewski et al., 1974] Arkuszewski, W., Kopczynski, W., and Ponomariev, V.
(1974). On the linearized einstein—cartan theory. Ann. Inst. Henri Poincaré, 21:89—
95.

[Arnowitt et al., 2008] Arnowitt, R. L., Deser, S., and Misner, C. W. (2008). The
Dynamics of general relativity. Gen.Rel.Grav., 40:1997-2027.

[Ashtekar, 1981] Ashtekar, A. (1981). Radiative Degrees of Freedom of the Gravita-
tional Field in Exact General Relativity. J. Math. Phys., 22:2885-2895.

[Ashtekar, 1986] Ashtekar, A. (1986). New Variables for Classical and Quantum
Gravity. Phys. Rev. Lett., 57:2244-2247.

[Ashtekar, 2014] Ashtekar, A. (2014). Geometry and Physics of Null Infinity.

119



[Ashtekar et al., 2000a] Ashtekar, A., Baez, J. C., and Krasnov, K. (2000a). Quantum
geometry of isolated horizons and black hole entropy. Adv.Theor.Math.Phys., 4:1-94.

[Ashtekar et al., 1991] Ashtekar, A., Bombelli, L., and Reula, O. (1991). The covariant
phase space of asymptotically flat gravitational fields. In Francaviglia, M. and
Holm, D., editors, Analysis, geometry and mechanics: 200 years after Lagrange.
North-Holland.

[Ashtekar et al., 2008] Ashtekar, A., Engle, J., and Sloan, D. (2008). Asymptotics and
Hamiltonians in a First order formalism. Class. Quant. Grav., 25:095020.

[Ashtekar et al., 2000b] Ashtekar, A., Fairhurst, S., and Krishnan, B. (2000b). Isolated
horizons: Hamiltonian evolution and the first law. Phys. Rev., D62:104025.

[Ashtekar and Krishnan, 2004] Ashtekar, A. and Krishnan, B. (2004). Isolated and
dynamical horizons and their applications. Living Rev. Rel., 7:10.

[Ashtekar and Streubel, 1981] Ashtekar, A. and Streubel, M. (1981). Symplectic Ge-
ometry of Radiative Modes and Conserved Quantities at Null Infinity. Proc. Roy.
Soc. Lond., A376:585-607.

[Ashtekar and Wieland, 2018] Ashtekar, A. and Wieland, W. M. (2018). private com-
munication.

[Bardeen et al., 1973] Bardeen, J. M., Carter, B., and Hawking, S. W. (1973). The Four
laws of black hole mechanics. Commun. Math. Phys., 31:161-170.

[Barnich et al., 2000] Barnich, G., Brandt, F., and Henneaux, M. (2000). Local BRST
cohomology in gauge theories. Phys. Rept., 338:439-569.

[Barnich and Compere, 2008] Barnich, G. and Compere, G. (2008). Surface charge al-
gebra in gauge theories and thermodynamic integrability. J. Math. Phys., 49:042901.

[Barnich et al., 2016] Barnich, G., Mao, P., and Ruzziconi, R. (2016). Conserved
currents in the Cartan formulation of general relativity.

[Barnich and Troessaert, 2011] Barnich, G. and Troessaert, C. (2011). BMS charge
algebra. JHEP, 12:105.

[Barros e Sa, 2001a] Barros e Sa, N. (2001a). Hamiltonian analysis of general relativity
with the Immirzi parameter. Int. J. Mod. Phys., D10:261-272.

[Barros e Sa, 2001b] Barros e Sa, N. (2001b). Hamiltonian analysis of general relativity
with the Immirzi parameter. Int.J.Mod.Phys., D10:261-272.

[Benedetti and Speziale, 2011a] Benedetti, D. and Speziale, S. (2011a). Perturbative
quantum gravity with the Immirzi parameter. JHEP, 1106:107.

[Benedetti and Speziale, 2011b] Benedetti, D. and Speziale, S. (2011b). Perturbative
running of the Immirzi parameter. J.Phys.Conf.Ser. 360 (2012) 01201 1.

120



[Blau, 2011] Blau, M. (2011). Lecture notes on general relativity. Albert Einstein
Center for Fundamental Physics Bern Germany.

[Blau, 2018] Blau, M. (2018). private communication.

[Bodendorfer, 2014] Bodendorfer, N. (2014). A note on entanglement entropy and
quantum geometry. Class. Quant. Grav., 31(21):214004.

[Bodendorfer and Neiman, 2013] Bodendorfer, N. and Neiman, Y. (2013). Imaginary
action, spinfoam asymptotics and the ‘transplanckian’ regime of loop quantum
gravity. Class. Quant. Grav., 30:195018.

[Bodendorfer et al., 2014] Bodendorfer, N., Thiemann, T., and Thurn, A. (2014). New
Variables for Classical and Quantum Gravity in all Dimensions V. Isolated Horizon
Boundary Degrees of Freedom. Class. Quant. Grav., 31:055002.

[Bohmer and Hehl, 2018] Bohmer, C. G. and Hehl, F. W. (2018). Freud’s superpoten-
tial in general relativity and in Einstein-Cartan theory. Phys. Rev., D97(4):044028.

[Bondi, 1960] Bondi, H. (1960). Gravitational Waves in General Relativity. Nature,
186(4724):535-535.

[Bondi et al., 1962] Bondi, H., van der Burg, M. G. J., and Metzner, A. W. K. (1962).
Gravitational waves in general relativity. 7. Waves from axisymmetric isolated
systems. Proc. Roy. Soc. Lond., A269:21-52.

[Burnett and Wald, 1990] Burnett, G. A. and Wald, R. M. (1990). A conserved current
for perturbations of einstein-maxwell space-times. Proceedings of the Royal Society
A: Mathematical, Physical and Engineering Sciences, 430(1878):57-67.

[Carter, 1971] Carter, B. (1971). Axisymmetric black hole has only two degrees of
freedom. Physical Review Letters, 26(6):331.

[Cattaneo and Schiavina, 2017] Cattaneo, A. S. and Schiavina, M. (2017). BV-BFV
approach to General Relativity: Palatini-Cartan-Holst action.

[Chandrasekhar, 1985] Chandrasekhar, S. (1985). The mathematical theory of black
holes. Claredon, Oxford UK.

[Chirco and Liberati, 2010] Chirco, G. and Liberati, S. (2010). Non-equilibrium Ther-
modynamics of Spacetime: The Role of Gravitational Dissipation. Phys. Rev.,
D81:024016.

[Choquet-Bruhat et al., 2011] Choquet-Bruhat, Y., Chrusciel, P. T., and Martin-Garcia,
J. M. (2011). The Cauchy problem on a characteristic cone for the Einstein equations
in arbitrary dimensions. Annales Henri Poincare, 12:419-482.

[Christodoulou and Klainerman, 1993] Christodoulou, D. and Klainerman, S. (1993).
The Global nonlinear stability of the Minkowski space.

[Chrusciel, 2014] Chrusciel, P. T. (2014). The existence theorem for the general rela-
tivistic Cauchy problem on the light-cone. SIGMA, 2:e10.

121



[Cook, 2000] Cook, G. B. (2000). Initial data for numerical relativity. Living reviews
in relativity, 3(1):5.

[Corichi et al., 2014] Corichi, A., Rubalcava, I., and Vukasinac, T. (2014). Hamiltonian
and Noether charges in first order gravity. Gen. Rel. Grav., 46:1813.

[Corichi et al., 2016] Corichi, A., Rubalcava-Garcia, 1., and Vukasinac, T. (2016).
Actions, topological terms and boundaries in first-order gravity: A review. Int.
J. Mod. Phys., D25(04):1630011.

[Crnkovic and Witten, 1986] Crnkovic, C. and Witten, E. (1986). Covariant description
of canonical formalism in geometrical theories. In Hawking, S. and Israel, W., editors,
Three hundred years of gravitation. Princeton.

[Daum and Reuter, 2010] Daum, J.-E. and Reuter, M. (2010). Renormalization Group
Flow of the Holst Action. Phys.Lett. B710 (2012) 215-218.

[De Lorenzo et al., 2018] De Lorenzo, T., De Paoli, E., and Speziale, S. (2018). Space-
time thermodynamics with contorsion. Physical Review D, 98(6):064053.

[De Paoli and Speziale, 2017] De Paoli, E. and Speziale, S. (2017). Sachs’ free data in
real connection variables. JHEP, 11:205.

[De Paoli and Speziale, 2018] De Paoli, E. and Speziale, S. (2018). A gauge-invariant
symplectic potential for tetrad general relativity. Journal of High Energy Physics,
2018(7):40.

[Dey et al., 2017] Dey, R., Liberati, S., and Pranzetti, D. (2017). Spacetime thermody-
namics in the presence of torsion. Phys. Rev., D96(12):124032.

[d’Inverno, 2005] d’Inverno, R. (2005). Approaches to Numerical Relativity. Cam-
bridge University Press.

[d’Inverno et al., 2006] d’Inverno, R. A., Lambert, P., and Vickers, J. A. (2006). Hamil-
tonian analysis of the double null 242 decomposition of Ashtekar variables. Class.
Quant. Grav., 23:3747-3762.

[d’Inverno and Smallwood, 1980] d’Inverno, R. A. and Smallwood, J. (1980). Covari-
ant 2+2 formulation of the initial-value problem in general relativity. Phys. Rev.,
D22:1233-1247.

[Donnelly and Freidel, 2016] Donnelly, W. and Freidel, L. (2016). Local subsystems
in gauge theory and gravity. JHEP, 09:102.

[Duch et al., 2017] Duch, P., Lewandowski, J., and Swiezewski, J. (2017). Observer’s
observables. Residual diffeomorphisms. Class. Quant. Grav., 34(12):125009.

[Eling et al., 2006] Eling, C., Guedens, R., and Jacobson, T. (2006). Non-equilibrium
thermodynamics of spacetime. Phys. Rev. Lett., 96:121301.

[Evens et al., 1987] Evens, D., Kunstatter, G., and Torre, C. (1987). Dirac Quantization
Of Linearized Gravity On A Null Plane. Class. Quant. Grav., 4:1503-1508.

122



[Freidel and Perez, 2015] Freidel, L. and Perez, A. (2015). Quantum gravity at the
corner.

[Freidel and Perez, 2018] Freidel, L. and Perez, A. (2018). Quantum gravity at the
corner. Universe, 4(10):107.

[Freidel et al., 2017a] Freidel, L., Perez, A., and Pranzetti, D. (2017a). Loop gravity
string. Phys. Rev., D95(10):106002.

[Freidel et al., 2017b] Freidel, L., Perez, A., and Pranzetti, D. (2017b). Loop gravity
string. Physical Review D, 95(10):106002.

[Friedrich, 1981] Friedrich, H. (1981). On the Regular and Asymptotic Characteristic
Initial Value Problem for Einstein’s Vacuum Field Equations. Proc. Roy. Soc. Lond.,
A375:169-184.

[Friedrich, 1986] Friedrich, H. (1986). On purely radiative space-times. Communica-
tions in Mathematical Physics, 103(1):35-65.

[Frittelli et al., 1995] Frittelli, S., Kozameh, C., and Newman, E. T. (1995). GR via
characteristic surfaces. J.Math.Phys., 36:4984-5004.

[Frodden and Hidalgo, 2018] Frodden, E. and Hidalgo, D. (2018). Surface Charges for
Gravity and Electromagnetism in the First Order Formalism. Class. Quant. Grav.,
35(3):035002.

[Fuchs and Reisenberger, 2017] Fuchs, A. and Reisenberger, M. P. (2017). Integrable
structures and the quantization of free null initial data for gravity.

[Gao and Wald, 2001] Gao, S. and Wald, R. M. (2001). The *Physical process’ version
of the first law and the generalized second law for charged and rotating black holes.
Phys. Rev., D64:084020.

[Geiller, 2018] Geiller, M. (2018). Lorentz-diffeomorphism edge modes in 3d gravity.
JHEP, 02:029.

[Geroch, 1977] Geroch, R. (1977). Asymptotic structure of space-time. In Esposito,
F. P. and Witten, L., editors, Asymptotic Structure of Space-Time, Boston, MA.
Springer US.

[Geroch, 1978] Geroch, R. P. (1978). Null infinity is not a good initial data surface. J.
Math. Phys., 19:1300-1303.

[Ghosh and Perez, 2011] Ghosh, A. and Perez, A. (2011). Black hole entropy and
isolated horizons thermodynamics. Phys. Rev. Lett., 107:241301. [Erratum: Phys.
Rev. Lett.108,169901(2012)].

[Goldberg et al., 1992] Goldberg, J. N., Robinson, D. C., and Soteriou, C. (1992). Null
hypersurfaces and new variables. Class. Quant. Grav., 9:1309-1328.

[Gomes and Riello, 2018] Gomes, H. and Riello, A. (2018). A Unified Geometric
Framework for Boundary Charges and Particle Dressings.

123



[Grange et al., 1998] Grange, P., Neveu, A., Pauli, H. C., Pinsky, S., and Werner, E.,
editors (1998). New nonperturbative methods and quantization on the light cone.
Proceedings, School, Les Houches, France, February 24-March 7, 1997.

[Griffiths and Jogia, 1982] Griffiths, J. and Jogia, S. (1982). A spin-coefficient ap-
proach to weyssenhoff fluids in einstein-cartan theory. General Relativity and
Gravitation, 14(2):137-149.

[Guedens et al., 2012] Guedens, R., Jacobson, T., and Sarkar, S. (2012). Horizon
entropy and higher curvature equations of state. Phys. Rev., D85:064017.

[Hawking, 1968] Hawking, S. (1968). Gravitational radiation in an expanding universe.
J. Math. Phys., 9:598-604.

[Hawking, 1972] Hawking, S. W. (1972). Black holes in general relativity. Communi-
cations in Mathematical Physics, 25(2):152-166.

[Hawking et al., 2016] Hawking, S. W., Perry, M. J., and Strominger, A. (2016). Su-
perrotation Charge and Supertranslation Hair on Black Holes.

[Hehl, 1976] Hehl, F. W. (1976). On the Energy Tensor of Spinning Massive Matter in
Classical Field Theory and General Relativity. Rept. Math. Phys., 9:55-82.

[Hehl and McCrea, 1986] Hehl, F. W. and McCrea, J. D. (1986). Bianchi Identities
and the Automatic Conservation of Energy Momentum and Angular Momentum in
General Relativistic Field Theories. Found. Phys., 16:267-293.

[Hehl et al., 1995] Hehl, . W., McCrea, J. D., Mielke, E. W., and Ne’eman, Y. (1995).
Metric affine gauge theory of gravity: Field equations, Noether identities, world
spinors, and breaking of dilation invariance. Phys. Rept., 258:1-171.

[Hehl et al., 2013] Hehl, E. W., Obukhov, Y. N., and Puetzfeld, D. (2013). On poincaré
gauge theory of gravity, its equations of motion, and gravity probe b. Physics Letters
A, 377(31-33):1775-1781.

[Hehl et al., 1976] Hehl, F. W., Von Der Heyde, P., Kerlick, G. D., and Nester, J. M.
(1976). General Relativity with Spin and Torsion: Foundations and Prospects. Rev.
Mod. Phys., 48:393-416.

[Hehl and Weinberg, 2007] Hehl, F. W. and Weinberg, S. (2007). Note on the torsion
tensor. Physics Today, 60(3):16.

[Henneaux and Teitelboim, 1992] Henneaux, M. and Teitelboim, C. (1992). Quantiza-
tion of gauge systems. Princeton.

[Henneaux and Troessaert, 2018] Henneaux, M. and Troessaert, C. (2018). BMS
Group at Spatial Infinity: the Hamiltonian (ADM) approach. JHEP, 03:147.

[Holst, 1996] Holst, S. (1996). Barbero’s Hamiltonian derived from a generalized
Hilbert-Palatini action. Phys.Rev., D53:5966-5969.

124



[Hopfmiiller and Freidel, 2016] Hopfmiiller, F. and Freidel, L. (2016). Gravity Degrees
of Freedom on a Null Surface.

[Hopfmiiller and Freidel, 2018] Hopfmiiller, F. and Freidel, L. (2018). Null Conserva-
tion Laws for Gravity.

[Iyer and Wald, 1994] Iyer, V. and Wald, R. M. (1994). Some properties of Noether
charge and a proposal for dynamical black hole entropy. Phys. Rev., D50:846—-864.

[Jacobson, 1995] Jacobson, T. (1995). Thermodynamics of space-time: The Einstein
equation of state. Phys. Rev. Lett., 75:1260-1263.

[Jacobson and Mohd, 2015] Jacobson, T. and Mohd, A. (2015). Black hole entropy
and Lorentz-diffeomorphism Noether charge. Phys. Rev., D92:124010.

[Jubb et al., 2017] Jubb, 1., Samuel, J., Sorkin, R., and Surya, S. (2017). Bound-
ary and Corner Terms in the Action for General Relativity. Class. Quant. Grav.,
34(6):065006.

[Kroner, 2017] Kroner, E. (2017). Description of dislocation distributions. In Ashby,
M. F., Bullough, R., and Hartley, C., editors, Dislocation Modelling of Physical

Systems: Proceedings of the International Conference, Gainesville, Florida, USA,
June 22-27, 1980. Elsevier.

[Lee and Wald, 1990] Lee, J. and Wald, R. M. (1990). Local symmetries and con-
straints. J. Math. Phys., 31:725-743.

[Lehner et al., 2016] Lehner, L., Myers, R. C., Poisson, E., and Sorkin, R. D. (2016).
Gravitational action with null boundaries. Phys. Rev., D94(8):084046.

[Luz and Vitagliano, 2017] Luz, P. and Vitagliano, V. (2017). Raychaudhuri equation
in spacetimes with torsion. Phys. Rev., D96(2):024021.

[Midler and Winicour, 2016] Midler, T. and Winicour, J. (2016). Bondi-Sachs For-
malism. Scholarpedia, 11:33528.

[Montesinos et al., 2017] Montesinos, M., Gonzailez, D., Celada, M., and Diaz, B.
(2017). Reformulation of the symmetries of first-order general relativity. Class.
Quant. Grav., 34(20):205002.

[Newman and Penrose, 1962] Newman, E. and Penrose, R. (1962). An approach to
gravitational radiation by a method of spin coefficients. J.Math.Phys., 3:566-578.

[Newman and Tod, 1981] Newman, E. T. and Tod, K. P. (1981). Asymptotically flat
space-times. In Held, A., editor, General Relativity and Gravitation: One Hundred
Years After the Birth of Albert Einstein. Plenum Press.

[Newman and Unti, 1962] Newman, E. T. and Unti, T. W. J. (1962). Behavior of
Asymptotically Flat Empty Spaces. J. Math. Phys., 3(5):891.

[Obukhov, 1987] Obukhov, Y. N. (1987). The palatini principle for manifold with
boundary. Classical and Quantum Gravity, 4(5):1085.

125



[Parattu et al., 2016] Parattu, K., Chakraborty, S., Majhi, B. R., and Padmanabhan, T.
(2016). A Boundary Term for the Gravitational Action with Null Boundaries. Gen.
Rel. Grav., 48(7):94.

[Penrose, 1963] Penrose, R. (1963). Asymptotic properties of fields and space-times.
Phys. Rev. Lett., 10:66—68.

[Penrose, 1965] Penrose, R. (1965). Zero rest mass fields including gravitation: Asymp-
totic behavior. Proc. Roy. Soc. Lond., A284:159.

[Penrose, 1980] Penrose, R. (1980). Null Hypersurface Initial Data For Classical Fields
Of Arbitrary Spin And For General Relativity. Aerospace Research Laboratories
Report 63-56 (1963). Reprinted in: Gen. Rel. Grav., 12:225-264.

[Prabhu, 2017] Prabhu, K. (2017). The First Law of Black Hole Mechanics for Fields
with Internal Gauge Freedom. Class. Quant. Grav., 34(3):035011.

[Prasanna, 1975] Prasanna, A. R. (1975). Static Fluid Spheres in Einstein-Cartan
Theory. Phys. Rev., D11:2076-2082.

[Récz, 2014] Récz, 1. (2014). Stationary Black Holes as Holographs II. Class. Quant.
Grav., 31:035006.

[Regge and Teitelboim, 1974] Regge, T. and Teitelboim, C. (1974). Role of surface
integrals in the hamiltonian formulation of general relativity. Annals of physics,
88(1):286-318.

[Reisenberger, 2008] Reisenberger, M. P. (2008). The Poisson bracket on free null
initial data for gravity. Phys. Rev. Lett., 101:211101.

[Reisenberger, 2013] Reisenberger, M. P. (2013). The symplectic 2-form for gravity in
terms of free null initial data. Class. Quant. Grayv., 30:155022.

[Rendall, 1990] Rendall, A. D. (1990). Reduction of the characteristic initial value
problem to the cauchy problem and its applications to the einstein equations. Pro-
ceedings of the Royal Society of London A: Mathematical, Physical and Engineering
Sciences, 427(1872):221-239.

[Rovelli and Smolin, 1995] Rovelli, C. and Smolin, L. (1995). Discreteness of area
and volume in quantum gravity. Nucl. Phys., B442:593-622. [Erratum: Nucl.
Phys.B456,753(1995)].

[Sachs, 1962a] Sachs, R. (1962a). On the characteristic initial value problem in gravi-
tational theory. J.Math.Phys., 3:908-914.

[Sachs, 1962b] Sachs, R. K. (1962b). Gravitational waves in general relativity. 8.
Waves in asymptotically flat space-times. Proc. Roy. Soc. Lond., A270:103-126.

[Scherk and Schwarz, 1975] Scherk, J. and Schwarz, J. H. (1975). Gravitation in the
Light - Cone Gauge. Gen. Rel. Grav., 6:537-550.

126



[Speziale and Zhang, 2014] Speziale, S. and Zhang, M. (2014). Null twisted geome-
tries. Phys.Rev., D89:084070.

[Thiemann, 2001] Thiemann, T. (2001). Modern canonical quantum general relativity.
Cambridge University Press.

[Torre, 1986] Torre, C. G. (1986). Null Surface Geometrodynamics. Class. Quant.
Grav., 3:773.

[Tseytlin, 1982] Tseytlin, A. A. (1982). On the Poincare and De Sitter Gauge Theories
of Gravity With Propagating Torsion. Phys. Rev., D26:3327.

[Wald, 1984] Wald, R. M. (1984). General Relativity. Chicago Univ. Pr., Chicago,
USA.

[Wald, 1995] Wald, R. M. (1995). Quantum Field Theory in Curved Space-Time and
Black Hole Thermodynamics. Chicago Lectures in Physics. University of Chicago
Press, Chicago, IL.

[Wald and Zoupas, 2000] Wald, R. M. and Zoupas, A. (2000). A General definition of
"conserved quantities’ in general relativity and other theories of gravity. Phys. Rev.,
D61:084027.

[Wieland, 2017a] Wieland, W. (2017a). Fock representation of gravitational bound-
ary modes and the discreteness of the area spectrum. Annales Henri Poincare,
18(11):3695-3717.

[Wieland, 2017b] Wieland, W. (2017b). New boundary variables for classical and
quantum gravity on a null surface. Class. Quant. Grav., 34(21):215008.

[Wieland, 2013] Wieland, W. M. (2013). The Chiral Structure of Loop Quantum
Gravity. PhD thesis, Aix-Marseille U.

127



	Frontispiece/Page de titre
	Résumé
	Résumé
	Introduction
	Mathematical formalism and background
	Einstein-Cartan Action and Local Gauge Invariance
	Tetrad and connection variables
	The action in terms of tetrads
	Hamiltonian analysis of tetrad formulation

	The role of Torsion field
	The torsion tensor
	Basic properties and notation

	Noether theorem and conserved charges
	Noether theorem in QFT in Minkowsky spacetime



	Original Work: Part I
	Spacetime Thermodynamics with Contorsion
	Background and motivations
	Analysis of Einstein-Cartan field equations and the role of matter
	Properties of the contorsion field

	Noether identities and conservation laws in presence of torsion
	Thermodynamics formulation of Einstein equations
	Set-up: definition of killing vector field and bifurcating horizon
	The effect of torsion on the set-up
	Non-equilibrium terms in the thermodynamical relations and their interpretation

	Black hole thermodynamics in presence of torsion
	Jacobson's thermodynamic argument: two possible derivations 

	Concluding remarks
	Conventions

	Derivation of the symplectic potential in tetrad formalism for GR
	Introduction and motivations
	Formulation of a gauge-invariant symplectic potential
	General variations approach and equivalence to the metric casa
	Analysis of the Poincaré charges at spatial infinity
	Study of first law of thermodynamics with the simpletic formalism
	Conclusions
	Conventions


	Original Work: Part II
	Initial constraint free data in real connection variables
	Introduction
	Hamiltonian formulation and the problem initial data
	Bondi gauge and Sachs constraint-free initial data
	Hamiltonian structure in the metric formalism

	Canonical structure in real connection variables
	Spacetime Foliation and the tetrad gauge-fixing 
	Constraint structure

	Geometric interpretation of the constraint solution
	Newman-Penrose tetrad
	The affine null congruence
	Torsionless nature of the affine null congruence
	Tertiary constraints as the propagating equations

	Implementation of the Bondi gauge
	Equivalence of symplectic potentials
	Radiative data at future null infinity

	Concluding remarks


	Conclusions
	Conclusion

	Appendices
	Exterior calculus of forms
	Appendix II
	Index jugglers

	Appendix III
	Covariant Phase Space Methods

	Appendix IV
	Spin coefficients
	Congruence
	Tetrad transformations and gauge fixings
	2+2 foliations and NP tetrads
	Adapting a NP tetrad
	The Bondi gauge and Newman-Unti tetrad

	Mappings to the -tetrad
	The Bondi gauge and Newman-Unti tetrad
	Areal r and Sachs' metric coefficients


	Bibliography


