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Chapter 1

Introduction

General Relativity, motivated by Einstein’s ideas and developed in a series of papers
that culminated in the gravitational field equations [1], [5], is the most accurate
classical theory of gravitation we have so far. It entailed a huge change of paradigm
in the conception of the nature of the universe, by replacing the rigid Galilean
space and time by a dynamical, (in general curved) spacetime. The newborn theory
had a critical success in explaining the precession of the perihelion of Mercury, the
deflection of light by the Sun and, later on, the gravitational redshift experienced
by light (see, for example, [0]).

However, even the astonishing success of General Relativity had a chink: sin-
gularities [7]. They appeared, loosely, as points where spacetime breaks down or
has an ‘end’. The two most famous instances of singularities are, perhaps, the
one in Schwarzschild black holes and the initial singularity of Friedman-Lemaitre-
Robertson-Walker cosmological models. Although the formalism allows such situ-
ations, singularities are largely regarded as undesirable and signal our lack of un-
derstanding of the more profound physics needed to completely understand these
physical situations. In a sense, the theory itself strongly suggests that something
is still missing and nicely tells us where to look. There was some hope of resolving
this conundrum with the help of (also very recent) ideas in Quantum Mechanics.
In particular, since General Relativity is a field theory, one would like to find a
relativistic Quantum Field Theory for the gravitational field (or as usually said,
to quantize gravity), along the lines successfully followed to understand other filed

theories, in particular, in Quantum Electrodynamics, which eventually gave rise to
the celebrated Standard Model of Particle Physics [3].

However, as it was conceived, Quantum Field Theory frontally clashes with Gen-
eral Relativity. Firstly, the privileged Minkowski spacetime is used as a background.
Worse, the perturbative techniques that allowed to extract the relevant physical in-
formation from path integrals by employing Feynmann diagrams completely fails
when trying to quantize gravity. The main obstacle for the development of the tra-

ditional quantization programme for General Relativity is its non-renormalizability.



This issue arises because the coupling constant of the theory, Newton’s constant in
this case, is dimensionful. This fact is made apparent in the one loop corrections,

which diverge and can not be absorbed [9]-[11].

A possible explanation for this failure is that usual perturbative treatments in
physics assume that the spacetime is a continuum at all scales. This works for
particle physics, since the scales of particles are much larger than the Planck length,
the scale in which quantum gravity effects should manifest themselves. However,
for a theory of quantum gravity, this hypothesis may be completely wrong and
there is no reason a priori to assume it. This fact motivated the development
of non-perturbative theories for quantum gravity that can account for the micro
structure of spacetime, with the benefit that this approach completely avoids the
non-renormalizability issue. Among the plethora of proposals, two of them have
had the largest impact and a number of results over the years; these competing
approaches are String Theory and Loop Quantum Gravity. Although String Theory
[12], [13] is not just a theory of quantum gravity (in fact, it is quite more ambitious),
it has paid close attention to how gravity manifests itself in the whole of the theory
[14], [15], and has produced numerous results on black holes [16] and cosmology
[17]-]19] On the other hand, Loop Quantum Gravity is a very natural continuation
of the ideas that arose in the development of General Relativity, that can be found
in the extensive literature on the topic, for instance, [20]|-[22]. This approach has
also achieved some results on black holes [23]-[25] and in cosmology [26]-[2&] under
the name Loop Quantum Cosmology, a quantization of the cosmological sector of
General Relativity.

However, after more than 30 years of intense scientific activity, no one has been
able to achieve a full theory of quantum gravity yet. In view of this fact, it may be
an interesting possibility to pursue perturbative approaches again. Evidently, since
the traditional approach does not work, we need to come up with new methods to
deal with the problem. In [29], Smolin sketched a new perturbative framework. One
of its prominent features was that general covariance was not broken at any order;
moreover, no background structure (such as the Minkowski metric) was needed. This
is an important point since many of the obstacles seem to come from the breaking
of the 4-diffeomorphism symmetry. Then, if the theory chosen as the unperturbed
starting point is integrable, one can then use it as the zeroth order of a perturba-
tive expansion. However, an additional requirement must be met in order for this
approach to work in a reliable and systematic way, namely, the perturbation that
recovers the full solution must be regular. If a perturbation is singular rather than
regular, a perturbative scheme could still be built, however, the usual expansions
do not work in this context, requiring an ad hoc scheme for the particular problem
at hand. These type of ideas are connected to several currently relevant topics. In
particular, the U(1)® model, which can be seen as a zeroth order perturbation model

for General Relativity, has recently raised some interest [30]-[32]. One of the main



goals of this work is precisely to study this approach.

This thesis is structured as follows. Chapter 2 is devoted to reviewing the Hamil-
tonian formalism, in particular, three different geometrical approaches to get the
Hamiltonian description derived from an action are presented. Chapter 3 provides
several examples of gravitational theories (apart from the interesting exception of
the scalar field) as well as their Hamiltonian descriptions using the three meth-
ods described in Chapter 2. Chapter 4 studies the anti-self-dual Palatini action by
means of the GNH method. Chapter 5 explores the ideas about consistent defor-
mations and internal Abelianizations and applies them to the previously presented
gravitational theories.

A few words on notation. The spacetime manifold (either in 3 or 4 dimensions)
will be denoted by M, will be assumed globally hyperbolic M = R x ¥ and the
leaves of foliations will be deonted by >; = . Differential forms in M will be
written in boldface (e.g. e, A) and differential forms in ¥ in standard face (e.g.
e, A). Differential forms in M that are adapted to the foliation ¥; will be written
in boldface and marked with a ¢ subscript or underlined (e.g. e;,e). The spacetime
or foliation leaf exterior derivative will be written as d, while the exterior derivative
in the configuration space will be written as d. All spacetimes M are assumed to
have no boundary.



Chapter 2

Hamiltonian analysis

Hamiltonian analysis has become a staple method in the study of dynamical systems
[33]. Using the tools of symplectic geometry in a phase space of positions and
momenta and a Hamiltonian function, this approach is able to correctly predict the
dynamics of a physical systems whose energy equals the Hamiltonian function. In
particular, the integral curves of the Hamiltonian vector field are the curves that
leave the Hamiltonian invariant along their trajectories, implementing the physical
requirement that the energy be conserved. In mechanics, where the phase spaces are
finite dimensional, there are no major technical difficulties in pursuing this approach.
However, in field theories, infinite dimensional phase spaces enter into play making
the (sometimes subtle but very important) functional analytic details much harder
to deal with in comparison with the finite dimensional case [31|. In particular,
Poisson brackets are hard to compute in some instances (for example, in field theories
formulated in regions with boundaries), which is a big obstacle for the approaches to
the Hamiltonian analysis that rely heavily on their computation. A more productive
strategy is to think in a more geometrical way as in the work of Gotay [35], which
besides achieving a better and clearer picture of the relevant structures, is also
computationally more efficient. In this chapter we review three different geometric
methods to obtain the Hamiltonian or Lagrangian formulation of a theory that will
be used in the next chapters. The most basic concepts discussed in this chapter can
be found in greater detail in [35], [30].

2.1 The Gotay, Nester and Hinds algorithm

A (pre)symplectic system is a triple (Q,w, «), where 9 is a manifold called the phase
space, w € Q2*(Q) a (pre)symplectic form and a € Q'(Q) a closed 1-form. The
dynamics of the system is given by the vector field Z determined by the generalized

Hamiltonian equation

W =« , (2.1)



whose integral curves give the evolution of the system. Note that the requirement

of a being closed is equivalent to demanding that Lzw = 0, since w is itself closed.

If w is a symplectic (i.e. closed and strongly non-degenerate) form, equation (2.1)
has a unique (global) solution. In contrast, if w is merely presymplectic (it has some
degeneracy), the equation is globally inconsistent and has no solution. In this case,
since one is still interested in the particular dynamics encoded by the presymplectic
system, one can instead reinterpret equation (2.1) by seeking and restricting to a
suitable submanifold of £ where it can be properly solved globally. Hence, in the
case of presymplectic systems we need a systematic method of finding the maximal
submanifold M of Q where equation (2.1) can be consistently solved by a wvector
field of M. This is provided by the GNH algorithm [37], [38] (named after Gotay,
Nester and Hinds), a procedure that outputs the so-called final constraint manifold.
Note, however, that even when such a solution exists and is integrable, it will be

non-unique in general.

A first necessary condition for equation (2.1) to be solvable is that « is in the
image of the map

bp : TpQ — T30

X —=axw .

Then, one might try to solve (2.1) restricted to the submanifold defined as
le{pEQ]apelmbp}.

Note that even though there exist solutions Z in £;, there might be some points
p € 9, where the vector field is not tangent to i, i.e. X, ¢ T,Q; but rather
Xp € TpQ \ TpQ4, which is crucial in order to obtain a genuine vector field in £,
rather than a vector field of Q along the inclusion of £; in Q. Physically, the
reason why one wants the solution to be a vector field in the constraint manifold is
because, otherwise, the own dynamics of the system would make it evolve ‘out of
it’. This is known as the consistency problem and motivates further restrictions to
the submanifold

Q={pecQi|apeb(T)},

where we have used the notation T, := TQ_1| Q, C TQ and 9, is the closure of
£ in Q. However, after restricting ourselves to s, the tangency of the solution to
£, may still not be guaranteed, similarly to what happened with ;. In order to
ensure consistency one generates a sequence of submanifolds defined by

Di+1 = {p € 9, | Qap € bp (Tpgl) } . (2.2)

Note that the actual restrictions imposed by the algorithm do not require tangency
to the submanifold but rather to its closure. This relaxation of the desirable strict



tangency condition is due to the fact that in field theories — with an infinite number
of degrees of freedom — one can obtain a countably infinite chain of constraint
submanifolds leading to a final constraint manifold defined by the intersection of all
of them. This poses a problem in the functional-analytic sense, since the resulting
submanifold might be very difficult to work with (for example, it can be a Fréchet
manifold instead of a Banach one). The final solution proposed by Gotay was the
relaxed condition (2.2) introduced in an effort to make the algorithm stop in a finite
amount of steps. Note that this problem does now show up for systems with a finite
number of degrees of freedom in which case the strict tangency condition can be
used instead.

The behaviour of the sequence (Qy); determines the outcome of the algorithm,

which is one of the four possibilities:

1. For some k, Q; = @.
2. For some k, Qj, # @ and dim Q;, = 0.
3. For some k, Q) = Q1 :=N.

4. There is an infinite number of constraints.
Let us make some comments on each case.

1. The system is inconsistent: there is no solution.

2. The system is consistent, but the final constraint manifold consists of isolated

points, hence the evolution vector field must vanish, which yields no evolution.

3. The solution is consistent in the final constraint manifold 91 and a solution to
(2.1) tangent to M exists. The Hamiltonian vector field describes the dynamics
of the system but is, in general, not unique, since one can add to it any element
of ker wNTD and will still satisfy (2.1). In the case ker wNTN # 0, this implies
the existence of gauge symmetries. Also, an important and desirable property
of the Hamiltonian vector field is its integrability. While the GNH algorithm
guarantees the existence of a consistent Hamiltonian vector field, it does not

say anything about its integrability, which is a separate and hard problem.

4. The algorithm never stops and produces an infinite chain of constraints. How-
ever, one still can take as final constraint manifold the intersection of all the
submanifolds, 91 := N, with the topology induced by that of the full phase
space. Note that since we have an infinite intersection, the resulting induced
topology of 91 may be much more complicated than that of each ;. Note that
this can only happen for field theories. The resulting final constraint manifold
I can then be of the form of any of the cases 1, 2 or 3.



2.2 Physical systems

A popular way to determine the dynamics of field theories and mechanical sys-
tems is through action principles. Actions give rise to presymplectic systems in a
canonical way through the Lagrangian used to define them. Given a configuration
space ) (a differential manifold of finite or infinite dimension) of a physical system,
the Lagrangian L is a real function on the tangent bundle 7'Q). Given the pair
(Q, L) there are two canonical constructions producing presymplectic systems, one
in the cotangent bundle 7% and the other in the tangent bundle T'Q), usually called

Hamiltonian and symplectic Lagrangian approaches, respectively.

Given a Lagrangian L : T'() — R, the fiber derivative is the fiber preserving
vector bundle map FL : T(Q — T*( defined by

FL(v)(w) = %L(V +ew) Ly (2.3)

where w € T'(). With the help of this map we can identify and transport some
objects between T'Q) and T*(Q). First, let us define the canonical momenta as

p(w) = FL(v)(w) ,
and the energy function Ep : TQ) — R as
EL(v) = p(v) = L(v) , (2.4)

The Hamiltonian is then defined as the function H in T*@Q (or a submanifold of it)
such that

HoFL=Ey . (2.5)

The properties of F'L are very important and determine the character of the theory.
If FL is not a diffeomorphism, then (2.5) only defines H in the image of F'L. It is
then possible to extend that function to the whole space T*(Q although such exten-
sions are not unique. We say that a Lagrangian L is regular if its fiber derivative F'L
is a local diffeomorphism and L is singular if F'L fails to be a local diffeomorphism.
If L is a global diffeomorphism it is called hyperregular.

The main advantadge of working in the cotangent space T*(Q is that it has a
canonical symplectic form. First define the symplectic potential © € QY (T*Q) at
each point p € T*Q) as

Op(X) = p(TmeX)

for vectors X € T,,(T*Q) (hence TmoX € Tryp)@). Then, the canonical symplectic
form is the 2-form

Q0 =-do.



If L is hyperregular, the image of the fiber derivative F'L is the whole T*Q. In
particular, the Hamiltonian is defined in all of T*(Q) and the dynamical Hamiltonian

equation
129 = C"H s

is also defined in all T*@). Since €2 is symplectic, this equation has a unique solution
for 7Z, which is

Z,=D,H , Z,=—D,H .

Here D,H, D,H are the usual partial Fréchet derivatives (with respect to ¢ and p)
in a Banach space [31], where if

1 U — T7Q
1 Q" — T7Q,

are the canonical inclusions to the first and second factor on a chart U x Q* of 7@,
respectively, then

qu:dl(f02q> )
Dpf:dl (fou),

so that

dlf(X) =Dof - Xg+ Dpf - X, .

The situation is quite different in the singular case. Singular Lagrangians are
important because the physically relevant field theories are typically of this type.
In this case, the image of the fiber derivative is not all 7@ but a submanifold of
it and we refer to Q = FL(TQ) & T*Q as the primary constraint submanifold. In
this case, the Hamiltonian function is only defined in Q (although it can often be
extended in multiple ways to a function in the whole T*Q). Moreover, since the
presymplectic system can only be defined in the domain of H, we need to use the
presymplectic form w = »*Q) induced by the symplectic form €2 via the pullback
of the inclusion j : Q — T*(@Q. Note that even if w is the pullback of a strongly
non-degenerate symplectic form, its degree of degeneracy depends on the character
of FL; in general it will only be presymplectic.

Hence, the presymplectic system of interest in physical theories is then <Q, w, dH ) ,

and the dynamical equation (2.1) reads in this case
1w =dH . (2.6)

Then, one can use the GNH algorithm described in Section 2.1 to find a suitable
solution to the system.



A second option is working in the tangent bundle, which unlike the cotangent
bundle, does not have a canonical symplectic structure. We then need an alternative
way to build a (pre)symplectic structure for a given Lagrangian L. Let us first see
some canonical constructions in 7'Q). Given a curve 7 in @), its canonical lift is the
curve in T'Q) (or alternatively, the vector field of @) along 7) given by

§(1) = ot +2)
de e=0
i.e., built with the tangent vectors to v at each of its points.

The double tangent bundle TT'Q) KELN T'@ has a canonical subbundle defined by
V(TQ) = ker T'mg, called the vertical subspace. For each v € T,() tangent vector,
one can define a vertical lift &, : T,QQ — VL (T'Q) to the fiber over v as

d
&o(w) = £(V+€W) L

where w € T,Q).

The  almost  tangent  structure is  the  vector-valued 1-form
J,  T.(TQ) — Ty,(TQ) — which can also be regarded as a (vertical) linear
endomorphism — defined by [38], [39]

JZ):=Eo0Trg(Z)
for Z € X(T'Q). It is clear by the definition that V(7'Q)) = Im J = kerJ and hence

J? = 0. Since J is an endomorphism, it induces a derivative 15 of degree 0 defined
by:
p
o (Xy, -, X,) :Za(Xl’”' JX -, X)),
i=1

and also defines the vertical derivative
le] = ZJdl — dlZJ .

Note that up to this point, the objects discussed are canonical in T'Q). In the same
way as in the canonical approach in the cotangent bundle, we need to introduce a
Lagrangian function L : T¢) — R (or an action from which a Lagrangian can be
derived) to define and study physical systems. From this, the Lagrangian canonical
1-form and the (pre)symplectic Lagrangian form are respectively defined as

0,; = leL R
Wy, = —CHQL = —dldle . (27)
The (pre)symplectic Lagrangian form wy, is clearly closed. Again, the properties

of L determine the character of these structures. If the Lagrangian L is regular,
then wy, is symplectic and the symplectic-Lagrangian equation

W, = dlEL s (28)



has a unique solution Z which also satisfies the second order condition
JZ =YV, (2.9)
where V is the Liouville vector field on T'Q), defined at each point v € T'Q) by
V= &(v) (2.10)
and we write the energy (2.4) as
E; =wdL - L.

The fact that the unique solution Z of (2.8) with L regular satisfies the second order
condition (2.9) easily follows by acting with 5 on both sides of (2.8) and then using

Lemma 2 and Lemma 3, stated below, to rewrite each side

Lemma 3 Lemma 2
—wwy, = ydEp =gpw, =T —ggw, = yz-vwr, =0,

and since wy, is symplectic it follows that Z satisfies JZ = V.

The second order condition (2.9) for the vector field Z can equivalently be written
as

TW(Q)Z = WTQZ .
In local coordinates (g, V), the expressions of V and J are

V(q,v) = (O,V) )
J(q,V)(X) = <0>XQ) )

which implies that the second order condition (2.9) for a vector X reads X, = v.
This guarantees that X is actually the double lift of a curve v in @ (i.e., X, is the
second derivative of 7), hence the name second order.

If L is singular, wy, will only be presymplectic and the equation (2.8) will not
have in general a unique solution over all T'Q). In such a situation it is possible to
resort to the GNH algorithm for the presymplectic system (T'Q,wy, EL).

Note that both constructions are canonical for the pair (Q, L) (in the sense that
given those objects, their constructions are natural), though in a different way. The
cotangent space T*(Q has a canonical symplectic form €2, which naturally induces a
(pre)symplectic form in every submanifold of 7*@) via the pullback of the inclusion.
Then, the relevant subaminfold is determined by the Lagrangian L through its fiber
derivative. On the other hand, the tangent space T'() has no canonical symplectic
form. In this case, the Lagrangian L is used jointly with the canonical structures of
TQ to build a (pre)symplectic form.

The presymplectic system (7T'Q,wy, Ep) is equivalent to the variational principle
induced from L in the following sense.

10



Proposition 1. [/0] Let S : P(Q) — R be the action

defined for paths v(t) with fived endpoints. The action has a stationary point if, and
only if, there exists a vector field Z € X(T'Q) satisfying the Euler-Lagrange equation

gy, = (E"EL y (211)
and the second-order condition

JZ =YV .

Before proving the theorem let us state two lemmas.
Lemma 2. (/1] p.3759) yyxwp, = —ipixwy,
Proof. Let us first prove that 1yw; = 0. Indeed,
ywr = —yddyL = —(dy — duy)dyL = diyydy L = dog(opd + dioy) L = dogezd L |
but since d L is a 1-form,
i d LX) =dL(J?X) =0,

since J? = 0.

Let XY € X(T'Q). Since 1wy, = 0, we have
0= (ywr) (X,Y) =w,(IX)Y) + wr (X, JY) = (yyxwr + 150x) (Y)
which proves the result. O
Lemma 3. yydE; = —wwy,
Proof. Let us first prove that
dyoy + wvdy =1y .

It is enough to do it for O-forms and exact 1-forms since any differential form can be

(dhﬂv + ZVC"J) f=wuydf=0=1f.
For an exact 1-form df € Q'(M), keeping in mind that JV = 0,
[ (oo + vods ) df | (V) = o (—rvdhus + oy ) df = v (Lo +1:L9) df
— tyydiyd f — V (svdf) + upndf = IV, VIS + IV, Y)) f
= (V) f = (udf) (v) .

11



since
IY = J[V,Y] + [IY, V] .

Using this result and the fact that for functions f the operator dj is just djf =
15d f we obtain

ZJdlEL = leEL = dlj (ZV(E“L — L) = ZJC"L — ZvdljdlL — leL

= —ZvdljdlL = Zvdldle = —lyWwyg, .

Proof of Proposition 1. Let
8 = Wy — dlEL . (212)

Consider a 1-parameter family of curves 7, in ) with fixed endpoints such that
Yo = 7v- The variation of the action along the one-parameter family is

dS(w)’ /” d . /t2 d
= [ Smeq| ar= [ dry ()] a
D o= ), o EOW LA™ o

_ /t N (rdL) (3(2) at

1

where Y = 44, € X(T'Q). Also, since the endpoints of v, are fixed for every A
and JY (4, (1)4, 1) = (0, % [r=07r(t)), then JY = 0 at y5(¢1),7a(t2). By construction,
Z, = v satisfies the second order condition JZ = V. Moreover, since Z,Y generate

flows in the t and A parameters, respectively, and the action of the flows commute,
[Z,Y] = 0.

Using the definitions of £ and wy, and then using the expresion for the exterior
derivative of a 1-form we can write

wd L @4 wdewyd L — oyd Ef @12) wdoyd L + 1wy E — 1yizwy,
2D Y <2Vd|L> + € + Z <ZYdL]]L> -Y (’LZCHJ]L) - Z[Z,Y}‘E"JL (2.13)
Lemma 2

== Zyg + Y (ZV_sz|L> + 7 <ijd|L> — Z[ZX]GIHJL .
By means of these expressions we can now prove the implications of the proposition.

( <= ) Let us first prove the reverse implication. Assume there is a vector field

Z satisfying £ = 0 and JZ = V. Then, there exists a curve « such that ¥ = Z.
Then, by (2.13) we can write, since (2.9) and [Z, Y] = 0 hold,

dsd(zA>’A:O: /t * ed L di = /t tQZ<ijd|L> dt = /t tQ%QJYdIL) d

1 1 1

= <ZJYdlL> (v(t2)) — <de|L) (v(t1)) =0,
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since JY vanishes at the endpoints. Hence, « is a stationary curve of the action S.

( = ) Assume that there is a curve v which is a stationary point of S. Hence,
any l-parameter family of curves ~, such that 7y = v must satisfy that % x=0 = 0.
By (2.13), we can rewrite this as

d t2
0= S(”)] =/ wE dt
)\:0 tl

dA

since JZ =V, [Z,Y] = 0. From this we cannot conclude that £ = 0 because there
are conditions on the vector field Y. Note that Y is not a vertical vector since
TrgY = %%\ # 0 and lifting it again (%’y,\) = %%\ = Y we recover the original
vector field Y, hence Y has no vertical component. This means that if we add an
arbitrary vertical vector field JW for arbitrary W € X(T'Q), the linear combination
Y + JW is an arbitrary vector field in T'Q.

Using Lemmas 2, 3 we can write
13 = 15170, — Z.JldlEL = —zwr + WwWr = W_jzWr ,
and the integrand as

Zyg = Zy_h]]wg — twily—_jzWr = Zy+Jwg .

Then,
dS(1) ’ 2
= = dt
0 d\ =0 /t1 vepwédt
where now Y + JW is an arbitrary vector field, which implies that £ = 0. O]

Proposition 1 says that the Euler-Lagrange equations obtained from the varia-
tional principle and the symplectic Lagrangian equations are equivalent as long as
the second order condition is satisfied. More precisely, the Euler-Lagrange equations
of a variational principle written in an invariant form (i.e., without coordinates)
are the symplectic Lagrangian equation (2.11), and if a curve v is a stationary
point of the action, then the vector field Z along the curve () C T'Q given by
Ly = V) = (”'yy(t),%(t)) is a solution to (2.11). Of course, by construction, Z
satisfies the second order condition (2.9) since at the point ¥(t) € T'Q its value is
(Zq)ﬁ( y = 4(t). Conversely, obtaining a solution to the symplectic Lagrangian equa-
tion (2.11) is not enough to provide a solution to its related variational principle.
The obstruction is that the solution vector field Z may not be the (double) lift of a
curve in (). Consider a general curve ¢ in T'Q) given by ¥(t) = (¢(t), v(t)) and its
tangent curve ¢ in TTQ given by ¢(t) = (q(t), v(t); ¢(t),¥(t)). If ¥ is not the lift of
any curve in @, then ¢(t) # v(t) and 1) does not satisfy the second order condition.
Hence, it is necessary that both (2.11) and (2.9) are simultaneously satisfied in order

to recover a curve which is solution to the variational principle.
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Thus, while one can apply the GNH algorithm to the presymplectic system
(T Q,wr, d|EL>, as a consequence of Proposition 1, there is an extra condition that
we need to take into account, namely, the second order condition (2.9), that the GNH
algorithm does not implement and that has to be separately taken into account. This
can be simply done by applying the GNH algorithm but adding as an extra step
condition (2.9):

Qy = {v e, |IZ, solving (2.11) and JZ, = V,} .

Note that this additional constraint is particular from the tangent bundle and has
no analogue in the cotangent bundle.

In mechanics, where configuration fields are finite dimensional, the construction
proceeds as explained. However, most physical field theories are modelled on L2
spaces. In particular, the presence of derivatives in the Lagrangian makes it nec-
essary to use discontinuous functions. A solution to this problem is to restrict the
domain of such functions to the so-called manifold domains, an approach introduced
by Chernoff and Marsden [34]. A clear example where this is useful is given by the
scalar field, further studied in Section 3.1 and in [35], [12]. In these cases, one
should replace T'Q) by the corresponding manifold domain in the previous construc-
tions, while keeping in mind that the appropriate manifold domain might not be
reflexive, a property which is relevant for the constructions in the next section.

As a remark, it is interesting to compare the Hamiltonian and Lagrangian for-
malisms presented in this chapter. Since in physical theories both the Lagrangian
and the Hamiltonian approaches are derived from the Lagrangian function, it is
reasonable to ask whether they give rise to the same dynamics. This issue was first
addressed in [35], [38] and later completely solved in [13]. The fiber derivative of the
Lagrangian F'L : TQ) — T*Q is the map that connects both (pre)symplectic sys-
tems. When the Lagrangian is regular its fiber derivative is a local diffeomorphism,
hence one can translate the symplectic structure from the cotangent to the tangent
bundle and viceversa (via pullback or pushforward). However, this is not so clear in
the singular case. The main result of [13] is that solutions to either (2.11) or (2.6)
can be transformed to solutions to the other, and its constraints mapped into the

others, making the dynamics equivalent.

2.3 The STL simplification

The procedure described in Sections 2.1 and 2.2 can be used to study physical sys-
tems. Nevertheless, in the form the constraints are written, it can be difficult to
find the successive constraint submanifolds. Let us take the chance to describe the
geometric constraint algorithm in tangent spaces T'() which also are ST'L manifolds
(defined below), which simplifies the application of the GNH algorithm by charac-
terizing the constraint submanifold as the zero set of some functions |[14]. A pair

14



(Q,w) is said to be an STL manifold (named after Sniatycki, Tulczyjew and Lich-
nerowicz) if 9 is reflexive and, similarly to the map b in 7*@), the map b induced by
w defined according to

b TTQ — T*TQ

X = IxWwr o,

restricted to each fiber of Q maps closed subspaces into closed subspaces. In a
certain sense, the STL hypothesis ensures that some desirable properties of finite
dimensional systems are still valid in infinite dimensions. The reason why these
precise conditions are needed for field theories will become clear in the technical
Proposition 4. Intuitively, we do not want the spaces to become too big in order
for b to be able to map to the adequate elements. Under these conditions the GNH
algortihm in £ can be simplified by characterising the submanifold £Q; as the zero
set of some functions. We will be denoting the successive constraint manifolds by

S.

As per the GNH algorithm, the first constraints to be taken into account are
given by

S ={veTqQ| (dIEL>V €Imb,} .

In the STL case, one can actually simplify this condition into a form more suitable

for practical computations.

Proposition 4. S = {V eTqQ | (deIEL> (v)=0, VZ € keer} )

Proof. e (C) Let v € §;. Then, there exists a solution to (2.11), i.e., a vector
X € T,TQ such that ixw; = dE}, is satisfied at v. But this implies that for
Z € kerw

0= 7lxWy, = szlEL .

e (D) [37] Let v € TQ such that (deIEL> (v) =0, VZ € kerw. If V C TQ

is a subspace, denote the annihilator of V by V& C T*Q, the set of a € T*Q
such that a(v) =0, Vv € V. Then, <d|EL> e (kerw,)".

On the other hand, Z € kerw; means that wy(Z,X) = 0, VX € TQ, but

naming o = xw;, € Im b we can write «(Z) = 0, which means that Z €

'_
(Im b)", hence ker wy, = (Im b)". Therefore <d|EL) € <(Im bV)F> :
Lemma 5. If Q is reflexive, (QF)% =0.

Since T'Q) is an STL manifold, by Lemma 5, (C"EL) € Im b,, and since the

image of the fibers under b are closed, then Im b, = Im b,. Hence, v € S;.

]
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Actually, the vertical vectors automatically satisfy the condition stated in Propo-
sition 4. Let us introduce now the useful notation

R={XeX(TQ) | IX € kerw,} .
Lemma 6. 1izdE;, =0, VZ € kerw, NV(TQ)

Proof. Since 7 is vertical, it can be written as Z = JX. Then, for X € R,
dlEL(JX) = ZxZJdlEL = —IXlywWp = —IXlyyyWr = —ixijlyWr, = (ZJX — ZJZX) IyWr, = 0.

]

In the submanifold Sy, equation (2.11) has solutions, but they do not satisfy the
second order condition (2.9) in general. This is not addressed by the original GNH
algorithm since it is an independent condition that must be specifically taken into
consideration in the tangent bundle, hence next we impose this requirement. To
this end we define the submanifold

82 = {V € 81 ‘ 7 € TVTQ YA (WL)V = (dlEL) and JZ = Vv}

Proposition 7. Let Z be a particular solution to (2.11) and Y € X(T'Q)) such that
J(Z+Y)=V. Then,

82 = {V S 81 | (’Lxlwa) (V) =0 , VX e ﬁ} (214)

Proof. o The set Sy is independent of the choice of vector field Y. Choose two
vector fields Y1, Yy, in such a way that Z+Y; satisfy the second order condition.
Then,

JYo—-Y)=(V-JZ2)—(V-JZ)=0,

hence Yo —Y; is a vertical field, which in turn implies that there exists a vector
field U such that JU =Y, — Y;.

IXly,—Y, WL = IXQyuWr = —IxljlyWr, = —iixlywWr — xlowWr = —xlyWr = 0 s

since X € K, hence JX € kerwy. Then, ixiy,w; = 1xty,wr, and Sy is indepen-
dent of the choice of vector field Y.

e (C) Let v € Sy. Then, there are vectors Z and Y such that J(Z+Y) =V,
with Y € kerw. Hence, 1yw = 0.

e (D) Let v € &; such that (ixwyw) (v) = 0, VX € R for Y satisfying the
hypothesis.

[]
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The previous two conditions can be summarized in a single one.

Proposition 8. For any U satisfying the second order condition (2.9),
82 = {V S TQ | <ZX <Z[UOJL —(E“EL)> (V) =0 N VX e ﬁ} .

Proof. We will see that this takes into account both conditions. Since ker w;, C R,
we distinguish two cases for X € RK:

o If X € kerwy, then ux <2UwL — d|EL> = —xdE; .

o If X ¢ kerwy, restrict to the submanifold S; where there exist solutions to
(2.11) and write U = Z + Y, where Z is a particular solution to (2.11). Then,

(53¢ <Z{U(UL — dlEL) = IxlyWwrp, .
[

Finally, we have a characterization of the submanifold S; where there exists a
simultaneous solution Z to both equations (2.11) and (2.9). However, Z might not
be tangent to S, at all the points and, hence, not a vector field in S;. We now need
to follow again the GNH algorithm. Let us then define the sequence of stabilization

constraints
Siy1 = {V € S; | IZ € TS; solution to (2.11) and (2.9)} )

These are the analogues of the constraint submanifolds (2.2) in the Hamiltonian
case studied in Section 2.1. Hence, as explained there, the GNH algorithm reaches
one of its possible outcomes depending on the behaviour of the generated chain of

constraints.

2.4 Field equations method

Consider the family of actions S; : Q — R labelled by an interval I of R, defined in

some configuration space Q by the expression

S1(@) = / c, (2.15)
Ix¥

where £ € Q"(M) ® C®(Q) is a top form in a spacetime M and also a function
in Q. The space Q induces a new configuration space @ of objects defined in ¥ in
the following way. Given a dynamical field g, denote by II;(¢) and II(g) the two
adapted components of § as described in Appendix A. Recall that they are fields
in M. Define the curves v{(s) = j:I1(q), 7%(s) = 7:11(q), where here j* means the
actual pullback for differential forms and the restriction for vector fields (since the
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adapted components are already tangent to the leaves). If Q= X, Qi, define the
configuration space

Q=TT (@) x (@)

where the product is performed over all the dynamical fields ¢ of the configuration
space . Then, one can rewrite S;(§) as a function S; : P(Q) — R of the space of

curves 7y in ) with fixed values in the extrema of I as

&M—ﬂﬁé@%mww (2.16)

Note that the curve v has components in each of the spaces I1,(Q);) and II1(Q;). Note
that the Lagrangian function defined by the action (2.16) is L = [, jjis L.

Since S;(q) = S;(4? ,77), the two formulations are equivalent and the critical

points of (2.15) are in one-to-one correspondence with stationary curves of (2.16).

The critical points of S; are characterized by
dBp:/ E;ANdg=0,
IxX2

where Ej; are the Euler-Lagrange forms. Note that the Euler-Lagrange equations
are kg = 0.

As discussed after Proposition 1, a solution « to the variational principle induces
a vector field Z = 4 that satisfies (2.11) and (2.9). Then, if ¥ is an Euler-Lagrange
equation, the equations

7Y =0,

2.17
s,V =0, ( )

give the solution to the symplectic Lagrangian equation (2.11).

In the particular case that all objects in the equations of motion are differential
forms, this formulation is specially simple because the pullback in (2.17) interacts
nicely with the natural operations of the exterior algebra. In the generic case, the
first set of equations in (2.17) will produce the constraints. The second set will
typically produce equations for the Hamiltonian vector field, since derivatives with
respect to the curve parameter ¢ might appear, and as discussed, derivatives of the
fields correspond to their velocities and double derivatives of fields correspond to
the evolution vector field Z. Notice that, a priori the resulting vector field need not
necessarily be tangent to the submanifold defined by the constraints, hence we still
need to implement the chain of consistency constraints as in the GNH algorithm.
Also note that the presymplectic form implicitly used in this procedure is the one
described in Proposition 1. This method is useful because it gives a priori the
constraints (and possibly in a simpler form than the obtained by using the other
methods) and Hamiltonian equations in a much quicker and simpler way.
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2.5 Lagrangians linear in velocities

Let us consider the special case of Lagrangians linear in velocities. These systems
hvae been studied, for example, in [15]. Although this is a fairly restrictive condition,
since most gravitational theories admit a first order formulation, they can be written
in this form and as we will see, they have very interesting properties. Every 1-
form g € QY(Q) in @Q induces a linear function in the velocities in T'Q given by
(V) = i (v) (V) by the linear nature of covectors. Then, an arbitrary function L in
TQ linear in velocities can be written as

with p € QY(Q) and h € C>*(Q).

It is interesting to study both the Hamiltonian and Lagrangian symplectic set-

tings for such a Lagrangian and to compare them. First, the energy is

dL = dpAdg+ pe(dv) + mpdh

’LV(E"L = /:L s
EL = —Wah .

In the Hamiltonian scheme one needs to compute the fiber derivative and find

the Hamiltonian function

FLW)(W) = ptg(w) ,
H = —mgh .

Then, the canonical symplectic form and its pullback are computed as

UZ,Y) =) (YidZ') - Z:(Y")) |

i

Xi(w) = du(X", w) ,
W(Z,Y) =Y (du(Y', Z") - du(Z',Y")) = —QZ (du(Z, Y1) |

]

w= —modu .
Hence, the Hamiltonian equation (2.6) in this case reads
* *

In the symplectic Lagrangian scheme one needs to compute the symplectic struc-

ture associated with the Lagrangian

diL = p1,(da) |

wp = —dp(dg) = —m5dp .
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Both wy, and Ej, are pullbacks by the projection g to T'Q) of objects in Q).

The first step in the algorithm that we are going to use here is given by Propo-
sition 4. In this case, the condition is

zzwad:"h =0, VZ € kermdpu

However, due to Lemma 6, the vertical vectors do not impose any condition. Thus,
we can only consider ‘horizontal’ vectors, in which case we can project the equation
to

1zdh =0, VZ € kerdp ,

hence, the dynamical constraints are functions in () and do not involve the velocities.

Next, we must implement the constraints given by (2.14), which in this case read
ixymodp =0, VX JX € kermpdp and J(Z +Y) =V,

for Z a particular solution to (2.11). Since yym;dp = 0, the condition on X is always
satisfied. Then, the second order condition translates to Z,+Y, = v for Y, € kerdp.
Finally, the Hamiltonian equation (2.11) in this case has the form
(DgDyjt = DyDyji) Zg = Dgh
Z, arbitrary ,
which should be solved together with the second order condition. Nevertheless this
is still not the solution to the problem, since the issue of the tangency remains and

as discussed so far, in general one will need to impose further constraints to ensure
tangency of the Hamiltonian vector field to the constraint submanifold.
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Chapter 3

Gravitational theories in tetrad and

connection variables

This chapter is devoted to presenting some important examples of physical theo-
ries and their Hamiltonian analysis by means of the methods described in Chapter
2. In particular, the focus is set on a varied selection of gravitational theories of
interest. Nevertheless, we start the list of examples with a very important but non-
gravitational theory: the scalar field. Since it is of a very different nature than the
rest of examples considered here, it is worth studying since it will provide further
insight into the Hamiltonian methods.

Recall that we assume that the spacetimes M are manifolds without boundary.

3.1 Scalar fields
The action of the free, massless scalar field ¢ on the Minkowski spacetime M is

SScalar<¢) = _%/ d¢ A *dgb )

M

where * is the Hodge dual defined by a background (i.e., non-dynamical) Lorentzian
metric g of M.

Varying the action we obtain

d d1
d_gsscalar(¢ -+ 5(5¢) o = _d_5§ /M (d(b + €d5¢) JANE (d¢ -+ €d5¢) o
:—/ dégzﬁ/\*dgb:/ 0pdxdo,
M M
hence the equations of motion are
dxdp=0. (3.1)
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We will now choose an inertial foliation ;. A similar discussion can be done with
a general foliation, however, that would give rise to a time-dependent Lagrangian,
for which the methods discussed in the previous chapter are not appropriate. Since
this example is meant to illustrate some points in the Hamiltonian analysis, we will
restrict ourselves to this simpler case. The Lagrangian is

1
LScalar(V) - 5 \/g (V¢ A #th - d¢ A #d¢) )

where # is the Hodge dual associated to the pullback of g to ¥. Note that this
depends on the foliation chosen, in particular, on the choice of lapse and shift func-
tions, which ultimately is a choice on how to decompose the metric of M. In this
case a lapse N = 1 and a shift N = 0 were chosen. The configuration space of
this Lagrangian is not straightforward. Note that it is not L?(X) as one might
initially think, since the field ¢ appears differentiated, operation that is not defined
for generic elements of L? (X). It seems then reasonable to require Q@ = H'(X) (the
first Sobolev space where it makes sense to talk about first derivatives), however,
note that the velocities need not be differentiable, hence we would unreasonably
restrict the domain of our Lagrangian if we used TQ = H*(X) x H*(X). An appro-
priate balance is reached by using the so called manifold domains, introduced by
Chernoff and Marsden in [34], which are fiber bundles with a certain restriction on
the base while keeping the fibers untouched. In our case, the appropriate manifold
domain to use is Ty L2(X) := HY(X) x L? (), with H*(X) in the base to ensure ¢
is differentiable but L*(X) in the fibers since there is no need to restrict it further.

3.1.1 Hamiltonian analysis

The Hamiltonian analysis of the scalar field is extensively discussed in [35], [12].
The energy (2.4) is

1
ELScalar = 5 /E <V¢ A #V¢> + d¢ A #dqﬁ) )

and the fiber derivative (2.3) is FL : H'(S) x LX(X) — H'(Z) x [2(Z)* = H'() x
L*(X) defined by

Po(W) = F Lscatar (v) (W) = / v A

s

hence the primary constraint submanifold is Q = H'(X) x L*(2)* & HY(Z) x
L*(X) = Tyrs)L*(¥). Note that the Riesz-Fréchet representative (in L*(X)) of py
is v. For a generic point p € T*Q let us denote its Riesz-Fréchet representative as
p € L*(2). Then, the Hamiltonian (2.5) is

Hw) =5 [ pnn+don o,
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whose differential is

dH(Y) = /E Y, #p— Y, d#do . (3.2)

The canonical symplectic form of T*@Q) is
QXY) =Y (Xy) — X (Ys)

and its pullback to the primary constraint submanifold is
o(@Y) = [ Y, #2,- 2, 47, (33)
)

with Z,,Y, € HY(S) while Z,,Y, € L2(%).

Equating (3.2) and (3.3) we see that the Hamiltonian vector field is given by

Zy=p, (3.4)
Z, = —#d#tdp = Ag

where A stands for the Laplacian of . It is important to notice that the form of the
Hamiltonian vector field introduces a new subtle constraint. Recall that ¢ € H'(Z),
however, (3.5) requires that the Laplacian of ¢ exists, which is only possible in
the submanifold H?(X) Cc H'(X). In turn, because of (3.4), then we must have
p € H'(X), giving rise to the constraint submanifold

Q1 ={(¢,p) € H*(X) x H'(Y)} .

It remains to check the tangency conditions. Since the closure of Qi in £ is
Q) = HY(X) x L*(%), it is clear that Z € T, and the GNH algorithm stops.
It is interesting to see in this example why this modified tangency condition is
useful. Were the condition of strict tangency, the vector field Z, = (p, A¢) ¢
To(H*(X) x HY(X)) = H*(X) x H(X) because A¢ € L*(X) but in general not in
H!(X). Hence, we should further restrict to

Qy = {(¢,p) € H*(Z) x H* ()},

but this causes the same problem again, since now A¢ € H'(X) but by strict
tangency it should be in H?(X). This generates an infinite chain of constraint sub-
manifolds yielding as final constraint submanifold C*>(3) x C>(X) with the induced
topology, which makes it a Fréchet (rather than a Banach) manifold [35]. This is in-
convenient because many useful properties and theorems available in Banach spaces
are not valid in Fréchet spaces.
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3.1.2 Equations of motion analysis

By decomposing the equations of motion (3.1) one obtains

ddp =dt A (—Lo, (#6) +d##do) — d#té = dt A (=6 vol + dtdo)

Since this decomposition only has a dt component, we obtain no constraints and
the equation that we get for the evolution vector field by projecting to ¥ is

Z, voly, = Zy voly, = d#dé .
By taking the Hodge dual #, we obtain
—Zy = #d#tdo
which together with the equation
Ly =V,

is equivalent to the equation (3.5) found in the previous section. The tangency

analysis proceeds essentially as before.

3.2 Chern-Simons

In 1974, Chern and Simons studied invariant polynomials of the curvature in a prin-
cipal bundle [16], obtaining as a particular result invariants of 3-dimensional man-
ifolds. The constructions and the result are purely geometrical and topological in
nature, however it was quickly realized that they could be leveraged in physics. The
invariant quantity would be later known as the Chern-Simons action and attracted
attention in the context of gravitational field theories and specially in string the-
ory, where topological invariants are relevant. In 3-dimensional manifolds, it turns
out that adequately written, the Chern-Simons action describes any 3-dimensional
gravitational theory, making it play a very important role in this area.

In order to present the necessary elements for the Chern-Simons theory, we first
review some ideas about Lie groups. A good presentation of these topics is made
in [17]. Let G be a Lie group, g its Lie algebra with Lie bracket [-, -] and (-,-) be a

G-invariant non-degenerate metric on g. The invariance of the metric means
(Ad(g)v, Ad(g)w) = (v,w) , Vg €G , vw e g,

where the map Ad(g) : g — g is the differential at the identity of the map AD, :
G — G defined by AD,(h) = hgh™'. By computing this differential one obtains that

G-invariance of the metric implies

(IT,v],w) + (v,[T,w]) =0, VT,v,weEg. (3.6)
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The invariant bilinear forms of g are just the quadratic Casimir operators of g.

The Lie bracket of g induces a multiplication operation on g-valued forms. Let
w1, ws be g-valued p and r-forms respectively. Define the g-valued (p + 7)-form
[wi,ws] as

[[wla (.dg]] (Xla ceey Xp+7“) - Z [wl(Xa(l)a ceey Xa'(p))7 WZ(XJ(p+1),...,XU(p+T))] .

0ESpir

Note that this operation is bigraded
[wi,ws] = (1P ws,wi] .
In particular, for a 1-form w, we have
[w, w[(X,Y) = [w(X),w(Y)] = [w(Y), w(X)] = 2[w(X), w(Y)] .

If we choose a basis T} of g, one can write g-valued differential forms as the sum
w = w'T}, where now each w’ is a differential form. As a consequence,

[[wlvw2]] - wzi /\w% [THTJ] )

(wi,wa) = wi Awj (T, T)
Also, we denote the components of the metric (-,-) in the basis T; as

9i5 = (T3, Tj) .

A clarification is in order here. In some texts on this topic where G is a matrix
group one sees expressions such as w; Aws with wq, ws two Lie algebra valued forms.
This actually means

wi Awy = w) Aw) T;T; |

where now 7;7} is the matrix product. Note that since the matrix product was used
instead of the Lie bracket, w; A ws is not, in general, a Lie algebra valued form (at
least in g). Then, if w is a Lie algebra valued 1-form, by the antisymmetry of the

wedge product, one has the relation
1
wAw = 3 [w,w] .

The Maurer-Cartan form of a group G is the g-valued 1-form 6 defined by

0,:T,G >T.G=g

V= (Lg—l)* v,
where L, is the left and R, the right multiplication of G. It satisfies the properties
L0y = Ogn
R0, = Adg-10, ,
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and the structural equation

1
a0 + 5[6,6] = 0.

A G-connection A in a principal G-bundle P 5 M can be understood as having
a Maurer-Cartan form 6, in each fiber P, = 7 !(z) for each x € M. Then, if
1, + P, — P is the inclusion of the fiber, 0, = 1; A. Clearly,

RjA = AdgA .
The curvature of the connection A is
F :dA+%[[A,A]] :
Note that due to the structural equation of the Maurer-Cartan form, the pullback

of the curvature to each fiber +JF = 0 vanishes. Then, F is actually horizontal.

We are interested in G-invariant forms f(F,--- | F) on g of the curvature of a
connection. Such forms are closed, hence, they define characteristic cohomology
classes in P. The relevant property for field theory is that they are actually exact
and their antiderivatives are also invariants, in some sense that will be made explicit
later on, and which are obtained by integrating a certain function in the space of
connections of P. These are the contents of the following theorem.

Theorem 9 (Chern-Simons [16]). Let f be an invariant symmetric multilinear map
f:g" = Rwithk € N and A a connection on a principal G-bundle P over M.
Write Ay = tA and

1
Ft - dAt + 5'1At7 At]] .

Then, the (2k — 1)-form wi(A) € Q2*71(P) defined by

1
w(A) ::k:/ J(AF,,- - F)dt |
0
satisfies

f(F,--- | F)=dwi(A) .

The proof and further considerations can be found in [16], [18].

Let us continue the construction of the action in the particular case of a 3-
dimensional manifold M (hence k = 2), where wcs := ws is called the (3-dimensional)
Chern-Simons form. Since wcs € 23(P) is a form in the principal bundle P, in order
to proceed with the variational treatment we would like to pull it back and integrate

it on M first. For simplicity, let us restrict the discussion to trivializable bundles
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P, for which global sections exist (a similar result exists for general bundles). Let
o : M — P be a section and define

Scs(O', A) :/'MO'*Wcs(A) .

We need to understand how this quantity depends on the section chosen.

A gauge transformation is a fiber preserving map ¢ : P — P, which can be
characterized by a map g : P — G defined by ¢(p) = p < g(p), where <1 denotes the
right action of the bundle. Any two sections o5 : M — P are related by a gauge

transformation ¢9; according to o9 = @91 © 01, hence the action changes as
Scs(o2, A) = Scs(p21 0 01, A) = Scs(01, p5,A)

so we need to compute the pullback of the connection by a gauge transformation.

Since
©'A=Ad, 1A+ g0,
¢'F = Ad,F |
we get
#rucs(A) = wos(A) +d{Ad,1 A, g°0) — (g0, [570,6°0])
Then,

1
Scs(poo,A) = Scs(o,A) — 6/ (g70,[g70,970]) ,
M

so that the difference between the actions induced by two different sections is the
integral of g*wcg(f) € Q3(M). At this point, the usual requirement for the metric
(-,-) is that for any closed 3-submanifold X C G of G, the integral [19], [50]

/chs(e) €z,

is an integer. In the end this means that
Scs(A) = Scg(o,A) (mod 1) .
Hence, Scs(A) is an invariant in R/Z.

The construction of the invariant action can be extended to any odd dimension
2k — 1 by choosing an appropriate f : g* — R. Then, since f(F,--- ,F) is a 2k-form,
its antiderivative will be the (2k — 1)-dimensional Chern-Simons form.

Let us now consider the particular case of the function f(A, B) = (A, B) (which
is indeed invariant since (-,-) is) in a 3-dimensional M. By Theorem 9, f(F,F) =

(F,F) is exact and its antiderivative is

wos(A) = 2/01 F(A,F)dt =2 /01<A,tdA + g[[A, A])dt = (A, dA + %[[A, A]) .
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From now on, denote by A € Q(M)®g a g-valued connection 1-form on M (rather
than a connection on P). The (3-dimensional) Chern-Simons action is

Scs(A) = %/M(A,dA + %[[A,A]]) . (3.7)

Note that, although the global factor is determined by the integrality requirement
for the metric, in the variational approach it is unimportant since it does not affect
the field equations. Nevertheless, we follow the convention used in, for instance [51],
with a global factor of % In components, the action reads

1 A 1 A
Scs(A) = §/ 9ij (A’ AdA7 + gf’kl AP AAFA Al> :
M

where f7,, are the structure constants of g in the chosen basis T; and [T}, T;] = f % Th-

Varying the action with respect to the field A we obtain

d . :
—Scs(A + €5A) = / gij(SAz ANF/ 3
de e=0 M

hence the equations of motion are
F'=0, (3.8)

where F* = dA® + % Z]k AJ A AF is the curvature of A’

The configuration space is Q@ = C® (X)* x Q' (%)® and the Chern-Simons La-
grangian is

Y

Note that the action depends on the choice of the Lie algebra g (or equivalently,
Lie group G) and the choice of an invariant non-degenerate metric. The requirement
that the metric is non-degenerate yields an action with kinetic terms for all the
components A® of the field, while requiring invariance of the metric yields a gauge

Invariant action.

3.2.1 Variations on the Chern-Simons action

It turns out that a wide variety of theories can be written in the simple Chern-
Simons form (3.7). The trick is to write the g-valued 1-form A in a certain basis T;

of g with the components in that basis being 1-forms [51], [52].

We say that a group G is inhomogeneous if we can decompose it as G = H X
N, where N is an Abelian normal subgroup and H a closed subgroup such that
N NH = {Id}, in that case we write G = H x N and call it a semidirect product.
Consider the particular case of the canonical inhomogeneous group 1G = G x g* =
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T*G associated with any Lie group G, where the dual of the Lie algebra g* is to be
thought as an Abelian group in the addition operation. The inhomogeneous algebra

isig = g @ g* and its Lie bracket is given by

[(U’O‘)a (waﬂ)]EEBE* = ([vqu [wva]g* - [%ﬁ]g*) , vweg, a,Beg,

where

[v7 O‘]G* = a([va ]) €g".

From now on, the subscript of the brackets indicating the algebra in which they are
defined will not be indicated since there will be no room for confusion. Choosing
the basis J; of g and the basis P of the dual g*, with the convention that by .J;, P!
we mean (J;,0), (0, P?) € ig respectively, we have

[P, P =0, [P, J)=[WP", [T, Jj) = ;" Tk,

where f'; are the structure constants of g. In IG there is a canonical invariant
metric determined by

<Pi7Pj> =0, <J27J]> =0, <Pz7JJ> = nij : (31())

Since the P! form an Abelian ideal, the elements of g* can be interpreted as
the generators of ‘translations’, while the elements of g can be interpreted as the
generators of ‘rotations’. Note that by construction, there is the same number
of generators for the translations than rotations. This is not usually the physical
case, where one uses the Poincaré group (or inhomogeneous Lorentz group) in d + 1
dimensions defined by

1S0(1,d) := SO(1,d) x R* .

Only in the particular case of d = 3, where dim SO(1,2) = dim R? = 3, the canon-
ical inhomogeneous Lorentz group and the Poincaré group coincide I1SO(1,2) =

1S0(1,2).

We can write a ig-valued 1-form A in the mentioned basis A = e; P! +w'.J;, with
e, w' € Q'(M) fori=1,... dim g. Then,

[[A, A]] =2 (ei A ej[Pi, P]] + 281' N wj[Pi, Jj] + wi VAN wj[J,-, J]])
=2 (2e; AW [ PP+ W' AW fR L)
1 2 - . .
§(A, [A, A]) =3 (2e; N e Aw! U (P PR +eg Aw' Aw f5 (P L)
+ 2w Aeg Aw! [ (i, PR + Wl Aw! AT R L))
<A, dA> =e; N\ dej<Pi, P]> +e; A dwj<Pi, J]>
+w' Adej{J;, P7) + w' Adw (J;, J;) .
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By using the metric (3.10) then the IG-Chern-Simons action (3.7) becomes
1 i 2 i Ak
Scs(e,w) = = e, Ndw'+w' ANde; + =3f" e, Nw! ANw
2 377
:/ e; A (dw' + f1 ! Aw) :/ e; N\F .
M M
The term

Ssple,w) = / e; NF" | (3.11)
M

is the G-Cartan-Palatini action in 3 dimensions. Hence, the G-Cartan-Palatini theory
is equivalent to the IG-Chern-Simons theory.

There is another interesting construction from a Lie group G. Denote \g = g g*
equipped with the Lie bracket
(PP = M T [P = PR [ T = (3.12)

Note that this is no longer an inhomogeneous algebra, but the previous ig is recovered
for A = 0. Then, the group AG is the image under the exponential map of \g. A
shortcoming of this construction is that for A = 0, if the exponential map is not

surjective, one does not recover the original group.
In addition to the metric (3.10), for A # 0, in this algebra there also exists the
(non-degenerate) metric
(P Py =Xn?, (J,J;)=n7, (P J;)=0. (3.13)
Note that this is not a metric on ig because, if A = 0, then the bilinear form becomes
denegerate.

We then have two choices of metric when writing the AG—Chern-Simons action.
If we use the metric (3.10), we obtain

Y S
Sh(e,w) :/ <ei/\FZ+—fijkeZ/\e9 /\ek) :
M 6

which is the G-Cartan-Palatini action with the addition of a cosmological constant
term. On the other hand, using the metric (3.13) one obtains the so-called Witten’s
exotic action [52]

SExotic(eaw) - /

. . . ) 2 . .
y ()\ei A (de’ + 2fpw? Aer) +w; A <de + gfzjkw” /\wk>) .

Note that since both (3.10) and (3.13) are metrics, one can consider a more

general metric given by
(P'P7) = pun” , (Ji, Jy) = pan™ , (P', J;) = psn
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where i1, fi2, i3 € R are constants. By changing from the basis (J;, P;) to the new
basis (J;, T;) where T; = P; + 1.J; with ¢ constant, the algebra and metric read

<Ti,Tj> = 0177” ) <Ji7 Jj) = 0277” s <Ti7 Jj) = 0377ij 5
(19,79 = f9, (qT*F +pJ*) | [T, J}] = f5T" [ Jj] = finJ*

where the new constants are related to the old ones by
2

01=M1+qz,u2+qu3,

02:/~L27
q (3.14)
03:N3+§/~027
2
q
p:)\_Z7

with the additional condition required by the invariance of the metric (3.6) given by
([, T, T%) + (i, [T°, T*)) = 0,
which is equivalent to
01 = po3 +qos .

It is straightforward to check that by using the relations (3.14), this condition trans-
lates to

pa = Az

Using this basis to write A = w'J; 4+ €,T" in the Chern-Simons action (3.7) leads
to the most general gravitational action in 3 dimensions, first introduced by Mielke

and Baekler [53], [51]

) ) 1 )
Sus(e,w) = / (016; ADe’ + oaw; A (dwl + g[w, w]’)
M
+205e; NF' + %fijkei Ael neb) .
Similarly, one can obtain the Husain action [55] by using a deformation (different
from the A deformation presented before although we use the same symbol) of the

group 1 S0O(2), whose algebra has generators P;, J, i = 1, 2. The deformation consists
in making the generators of the transations P non-commuting

[P, P =T, [P =¢€PT,
with the metric

(P',PIy=X69 (J,J)y=1, (P, J)=0.
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Note that for A = 0 we recover the algebra iso(2), while for A > 0 and A < 0 it is
isomorphic to s0(3) and s0(2, 1), respectively. If we write A = wJ +e; P’ we get the
action

Stusain(€, W) = / wAdw+ Ae; A (dei - eijw A ej) )
M

This action is interesting on its own and we study it in detail in Appendix C.
The reason why this is a relevant model is that it describes 2-geometries (surfaces
modulo diffeomorphisms) of constant curvature. Moreover, in some sense, it is a
2 + 1 dimensional version of the Husain-Kuchaf action (that will be discussed in
Section 3.3), which is a theory of 3-geometries.

3.2.2 Hamiltonian analysis

We start by computing the fiber derivative (2.3) of the Lagrangian (3.9)
FLcs(V)(W) = — / ngAZ A\ Wi& .
>

This defines the canonical momenta

pAt<W) 207
pa(w) :—/giin/\Wj.
>

Clearly, F'Lcs : T'Q) — T*() is not an diffeomorphism, hence the system is singular.

The energy (2.4) is
Eros(v)=-2 /Z gi; ALFT (3.15)
and, hence, the Hamiltonian (2.5) is
H(p) = —2/EgiinFj :
and its differential
dH(Y) = —2/2927 (Vi F' — DA AYY) . (3.16)

Notice that the energy is independent of the velocities and the Hamiltonian is inde-
pendent of the momenta.

The canonical symplectic form of T*Q is

QZ,Y)=Ya,(Za,) —Za,(Ya,) +Ya(Za) —Zs(Ya) ,
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and its pullback to the primary constraint submanifold £ is
w(Z,Y) = 2/29,72}‘4 AYT . (3.17)
Equating (3.16) and (3.17) tells us that the submanifold where the Hamiltonian
equation (2.6) has solutions is characterized by
F'=0.
and the Hamiltonian vector field of H is given by
7' = DA! |

while Zf;,t remains undetermined. We still need to check tangency to the constraint
submanifold. This is easily done

wdF' = DZ) = D*A} = [, FTA; =0,

which are automatically satisfied, hence we do not need any further constraints.

3.2.3 Lagrangian analysis

Since the configuration space for the Chern-Simons Lagrangian (3.9) is
Q== (2 x Q' (D),

we can use the STL simplification described in Section 2.3. Then, a typical vector
field at a point v € T'Q is of the form

Xv - (XAtaXAa XVAt7XVA) S TVTQ .
The presymplectic form (2.7) is
wres (Z,Y) = 2/ 9i; 245 NY7
b
hence, its kernel is obviously given by

kerwr, ={X e X(TQ) | Xa =0} .

Now we find the constraints as per the STL version of the GNH algorithm. By
Proposition 4, and since

% <d|ELcs> = —2/ gi; (X4, F! + A,DX}) = - /ginZtFj )
by by
one concludes that the submanifold &; is given by the constraints
F'=0.
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Next, we apply Proposition 7 by computing the constraint (2.14). The condition
in X is empty and since Y4 = 0, wxty (wrs), = 0 is automatically satisfied. Then,
solving the Hamiltonian equation (2.11) together with the second order condition

gives
DA} =v'y |
i i i
ZAt+YAt —VAt .

One still needs to check the tangency conditions, which is done in the same way as

in Subsection 3.2.2 since the expressions involved are identical.

3.2.4 Equations of motion analysis

We are now going to use the equations of motion method described in Section
2.4. We need to compute (2.17) for the Chern-Simons equations of motion (3.8).
Decomposing it as described in Appendix A one obtains

F'=dt A (LoA' —dA]) +dA" + %e’ijk (dtA] + A7) A (dtA} + AF)
=dA’ + %eijkAj ANAY+dtA (Lo, A — dA, — €, A7 AAY)

=DA’+dt A (LsA' — DA))
=F' +dt A (Ls,A"—DA)) .

Then, extracting the adapted components and projecting them to >, we obtain the

constraints
F'=0,
and the equations for the Hamiltonian vector field
Zi — DA

The constraints and the expression of the Hamiltonian vector field are identical to
the ones obtained previously. Hence, the tangency analysis is identical to the one
discussed in Subsection 3.2.2 and the implementation of the second order condition

follows as in Subsection 3.2.3.

3.3 Husain-Kuchar

Let M be an orientable 4-dimensional manifold. Let e’ be 3 linearly independent
1-forms and F' = dw'’ + %e"jkwj A w” the curvature of an SO(3) connection w’. The

Husain-Kuchaf action proposed in [50] is

Stk (e,w) = / ejne’ Nel NF* (3.18)
M
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where €;;;, is an SO(3) volume form. This action is invariant under diffeomorphisms
of M and under SO(3) gauge transformations.

Taking variations of the action with respect to the fields gives

d
d—SHK(e + ede, w + edw)
€

= / €ijk (25ei ANed NF¥ el ned A D(éw’ﬂ)
0 M

= / €ijk (2(5ei ANe NFF —D (e’ Ael) A 5wk) :
M

hence the equations of motion are

eijkej ADef =0,

o (3.19)

The action (3.18) is structurally very similar to the Cartan-Palatini action (3.32)

which will be studied in Section 3.4, however, the subtle but big difference between

the two is the internal group, which in the Cartan-Palatini case is SO(1,3) rather

than SO(3). A direct consequence of this is the fact that we only have 3 linearly in-

dependent 1-forms €’ in a 4-dimensional manifold, that is, we do not have a coframe.

We can still build a 3-metric v by taking v = 6,6’ ® €/, which is degenerate. An-

other possible construction form the €’ is the vector density (actually defined as an
element of the double dual)

“Ne el Ned NeP
U<->—< )

vol

which characterises the degenerate directions of v, since it satisfies U(e") = 1€’ = 0
and hence

Y(U,-) =6;; we' & =0.
If we take the interior product of Equations (3.19) with the distinguished vector
field U, we get the equations

J k _
€x€ NwDe" =0,

which by using Lemma 21 of Appendix B, are equivalent to

wDef =0,
’LUFk =0.

By making use of 1€’ = 0, these are equivalent to
0=1wDe' =1y (dwz + §ezjkwj A w"’) =Lyw' — digw’ + ezjszw]wk
=Lyw'—D (zUwi) ,

0=1wF =1y (dei + eijkwj A ek) = Lye' + eijszwj ek
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and by identifying 7% := 1yw?, we can write

7 )
EUw =Dr s

Lye' = —E’jkT]ek .

Thus, Lie-dragging the fields e’, w’ along the direction of U is equivalent to perform-
ing an SO(3) gauge transformation on them with parameter 7. Since the 3-metric
is just v = e; ® €, it will remain invariant under Lie-dragging along the integral

curves of U, since
ﬁUfy = ,CUGZ' ® eZ + €; ® £UeZ = —eijkrje ® el — €; ® E'ijTJe = 0 .

Hence, this model describes 3-geometries, i.e. metrics on a 3-manifold, modulo

diffeomorphisms.

The Lagrangian defined in T'Q) is
Luk(v) = / (2e;0e1€” A F* 4 €re’ Nel N (vh — DA}Y)) , (3.20)
b

with the configuration space being @ = C>(X)? x Q'(X)3 x C>(2)? x Q'(%)3.

3.3.1 Hamiltonian analysis

The fiber derivative (2.3) of the Lagrangian (3.20) is
FLpk(v)(w) = / €ijr€ N el N wh
>

then the canonical momenta are given by

Pe; :Oa
Pe :Oa
P4, :07

pa(w) = / eijkei Ned Awh
>

and define the primary constraint submanifold Q of 7*@Q. Clearly, FLyk : TQ —
T*@Q is not a diffeomorphism, hence the system is singular.

The canonical symplectic form of T*Q) is

UZ,Y) =Y a,(Z4,) = Za,(Yi)+Ya(Z4)=Za,(Y)) (3.21)
+Y€ti(Zét)_Z€ti<Y;it>+ Yei(Zé)_ Zei(yei) ) (322>

and its pullback to the primary constraint manifold £ is

w(Z,Y) = 2/ e YINZY —YiNZI) Neb. (3.23)
P



The energy (2.4) is
Er = / (€' N el A DAF — 2¢;xere’ A ), (3.24)
s

and since it does not depend on the momenta, as in the Chern-Simons case in
equation (3.15), the Hamiltonian (2.5) can be written with the same expression as
(3.24):

H = /2 (eijkei ANel NDAF — 26ijkeiej AFF) .
Then,
dH(Y) = / (2eijkyg' A€l NDA} + €' Nl N (DY) + €, VLAY
2
— 2eijkYeiej A FF — 2eijkeiYej AFF — 26ijkei€jDY£>
= 2/ (Yéeijkej A FF — theijkDej A eF (3.25)

2

+ Y N (€N DAF + eng)

—Yi A€ (Deje’) —ei Nl Ay) > .

)

Comparing (3.23) and (3.25) for all Y, leads to the set of contraints

Cpi =€, NFF =0,
re R (3.26)
Cei i= €;;,6’ NDe” =0,
and equations for the Hamiltonian vector field
eiijﬁ1 Ael = e (€7 A DAF + e{Fk) , (3.27a)
el Nt = el-jkD(e{ek) —e; NEA (3.27b)

The solution to (3.27a) is directly given by Lemma 13

gi— (‘ejAejkz (ekADAi—kefFl)) o (6”\63‘1@1 (ek/\DAi‘F@fFl)) ol
i =

2 vol, vol,

e/ NeP N DA iy v [(EENFY
=€, | —————L e+ el | —— e
K 2 vol, JREE\ 2 vol,

e Ne" NDAN w (€ NFY
G\ T ¢ G (| )¢

vol, vol,

1 jkm 1y i ikm I j e (€N
ziejklej (DAt)me — €€ (DAt)me] — €11 e’

vol,
1 1; . N e NFYY
=52 (DA}), e — ((DAi)le - (DAt)j ej) — €jucs ( vol, ) ¢
‘ N FY
=DA;, + € (e Vol ) ere’ .
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Likewise, the solution to (3.27b) is

Zi— <ej A (€D (efel) —e; A €kAtk.)> o (€i A (euDl(efe) —ej A ekAtk)> o

2 vol, vol,

el A Def Neb . el A Det\ . e Ne; NeF\
=€kl (—t> e+ Ejklef (— e —Ay | ——L— )¢

2 vol, 2 vol, 2 vol,
e’ N Def nel L (€A De e Nej NeP\
—e | ——t— e —e i | ——— |+ A, | —L— )¢
JK ( vol, R vol, b vol,
e’ A\ De!

_t jml kY i _ iml kY i k Jo i Ak
=56 (Det)m e — €€ (Det)m e — €€} < I ) el + €' Ave
€

=—2 (Def)k e — (Def)k e’ + (Dei)j el — eijkAgek + €n (ez\//\oﬂ) efel

le

- o e’ A\ Del
=De; — € Aje" + €5y | ———— | ere .
vol,

The components that do not appear in the equations are not fixed so far. In sum-
mary, the Hamiltonian vector field is

: : et N\ FI
7y = DA, + €kl ( ) efel ,

vol,
: o et A\ Del 3.28
Z; = Dey — €' Ale’ + ey (TQ) e o)

Ze,, 4 4, arbitrary .

One still needs to make sure that the resulting Hamiltonian vector field is tangent

to the solution submanifold by imposing the tangency conditions

0=12dCp = €, Z] NF* + ¢;;,6) NDZY |
0=1zdC, = eiijZ A De* + eijkej ANDZF 4 eijkeklmej NZYNe™ .
It is very useful to get rid of the terms containing covariant derivatives of the Hamil-
tonian vector field by taking the covariant derivative of expressions (3.27), which
yields
eiji (67 NDZE + Z N De¥) = —eiju (De? N DAY — é¥,,¢? N F'AT" + De] A F*) |
eiji (€ NDZE + Z1 A De") (3.29)
= —eijkeklmeiFj Ae™ 4+ Det A ejAtj —e' A DejAtj +et Nel A DA, .
By using (3.29), the expression for the Hamiltonian vector field (3.28) and the
alternative form of the constraints (3.26)
eNFI—ed NF'=0,
e ANDel —el ADet =0,
one finds that
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— €k (De! N DAY — "¢/ N FIAT + Del A F*)

C e’ A De!
= Ewk (D@i - EjlmAiem + Elmp (—) 6T€p> A Fk

vol,

: e’ N F'
— € (DA% + €y (T) e;”ep> A De*

— €ijx (De? N DAY — €¥,,¢/ N FLAT + Del A FF)
= €ijk (EklmAlnej A F!— ejlmAiem A F"’)
I\ Dé' N .
+ eijkelmpe;” ((—6 ¢ ) Fk A el + (6 ) Deée’ N ep)

vol, vol,

= €ijk€jlmAf‘, (ek ANF™ —e™ A Fk)

el A Dél eP A\ Del
+ eijkelmpez” <(—|> Fk A eP + (—l) Fl VAN €k>
VOl VOl

M) (Fk/\ep—Fp/\ek)

— E'ijElmpet ( vol
e

=0 ,
1,dC, = —eijkekl eiFj Ae™+ Det A ejAtj —€e'A DejAtj +eNel A DA
+ €;1€ lmej/\Zl Ne™
= (De Ael — et A De]) Ay + e Nel A DA;; — eijkeklmeiFj Ae™

l
e’ N FP
+ €4k ime’ A (DAi + €pgr < ) 6?6T> Ae™

vol,
:el/\ej/\DAt]—’—e‘]/\DAm/\@]—GJADAtj/\GZ

!
e' N\ FP , .
+ €4k Im (epqr ( vol. ) eled Nem Ne™ — el FI A em)

_ k jrm q_l D l g m

= €jkE 1m (EW e,e NFP —e F7 Ne )

= €6 (€16 NF™ — €' NFT — e)FI N e™)
k l m J j m

—eijkelmet(e NFI—F) Ne )

=0,

hence, Z is already tangent to the constraint submanifold and there are no further
secondary constraints.

3.3.2 Lagrangian analysis

Since the configuration space for the Husain-Kuchai Lagrangian (3.20) is @@ =
C®(X)? x QL(X)? x C*(2)3 x Q1(X)3, we can use the STL simplification described
in Section 2.3. Then, a typical vector field at a point v € T'Q) is of the form

Xy = (Xa, Xa, Xep, Xeo Xy Xy, Xy, Xo,) € TVTQ

VA “3Vas
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The symplectic form (2.7) is
Wi (Z,Y) = 2/ e YINZY = YiNZI) Neb. (3.30)
)
Clearly, its kernel is given by the vectors satisfying

eijkej A\ Zf = O s

eijkej A ZIIZ =0 s
which by Lemma 13 of Appendix B is equivalent to
kerwr,, ={XeX(TQ) | Xa=X.=0} .

Then, for vectors X € kerw; contracted with the differential of the energy (3.24)

gives
ixd Ep —/ ((—:ijkei Ael A DXflt — 2€iijeit6j A Fk)
b

=—_ 2/ (Xf;lteijkDej AeP + Xe el A Fk) . (3.31)
2

et ij

According to Proposition 4, the submanifold S; where (3.31) vanishes for all X €
ker wy, is then given by the constraints

J k _
€, D€’ Net =0,

The condition (2.14) on X in Proposition 7 is satisfied by all X € X(7'Q), hence
we just need to ensure that wywr,, = 0 for a vector field Y such that J(Z 4+ Y) =V
with Z being a solution to (2.11). But, by the explicit form of (3.30) and Lemma
13 again, one must conclude that given a solution Z, the constraint submanifold S,

is determined by

VEZZ(57

VA = ZA .
The Hamiltonian equations (2.11) are

i (€7 AN DA} + el F¥)

J kE_ Jok) _ o J
€nle Net =€ D(eje”) —e Nel Ay,

J k _
€inlaNe =€

which are identical to the ones found in Subsection 3.3.1, hence their resolution and
tangency analysis are the same.
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3.3.3 Equations of motion analysis

We are now going to use the equations of motion method described in Section 2.4.
We need to compute (2.17) for the equations of motion (3.19). Decomposing the
equations of motion with the help of (A.3) and (A.4), we get

J E _ J k
€€ N De" =¢,,e N De

+dt A €ijk (e{Dek —e A Eatgk +éel A Dei‘C - eklmAigj A gm) ,

2

€iue ANF¥ =€ e ANFF +dt Ay (e]FF — e A Lo, A" + e/ ANDAY) .

Then, extracting the adapted components and projecting them onto X, we obtain
the constraints

J k _
€x€’ N De” =0,

eijkej ANFF =0,
and the equations for the Hamiltonian vector field

J k _ J Dok Jj k_ k I m
€16 N Zg = €6, De" + €567 N (Dey — €, Aje™)

J E _ J ok J k
€€ N Zy = €6, F" + €,.6) NDA; .

The resolution to the equations and the consistency conditions are identical to those
discussed in Subsection 3.3.1.

3.4 Cartan-Palatini action

The Einstein-Hilbert action [1], [57]

SEH(g) :/ R VO|g s
M

which depends on a metric g and where R is the Ricci curvature scalar (computed
using the Levi-Civita connection), whose equations of motion are Einstein’s field
equations was proposed in an effort to be able to obtain General Relativity from
a variational principle. Although it was successful, the equations obtained through
this method are second-order partial differential equations. This could be solved
by promoting the connection to an independent field instead of forcing it to be
the Levi-Civita connection of the metric. In this way, the equations for both the
metric and the connection become first order. This achieves an effect similar to the
standard technique of splitting a second order differential equation into two first-
order differential equations. Both actions are equivalent because the equation for
the connection forces it to be precisely the Levi-Civita one and the other becomes
Einstein’s equations. A further version of the action was developed by Einstein and
Weyl [58], [29], who introduced Cartan’s idea of moving frames into the theory by
replacing the metric by a tetrad as independent dynamical variables.
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By using a tetrad and considering the connection as an independent variable, one
obtains the Cartan-Palatini action. Besides yielding first order equations, this action
for General Relativity shares some similarities with the very important Yang-Mills
actions for gauge theories. In some sense, General Relativity can then be understood
as a SO(1,3) gauge theory. The tetradic modern form of the action is

M
where FI7 = dw!’ + w! - Aw® 7 is the curvature of an SO(1, 3) connection w’/ and
el is a tetrad.
The variations of the action (3.32) give the equations
I J
€ e ANDe’ =0,
IJKL e (3.33)
For nondegenerate tetrads e!, the previous equations can be reduced [60], [61],
by using Lemma 20 of Appendix B, to
De’ =0, (3.34)
GIJKLEJ N FKL =0. (335)

Equation (3.34) implies that the affine connection defined by w’/ and e’ is
torsionless and equations (3.35) are equivalent to Einstein’s field equations. In this

way we recover General Relativity.

The configuration space is then
Q=CX) x QX)) x (%) x QY(%D)¢,
and the Lagrangian is defined by

Lep(v) = / erx (2efef NFEE el Ae? A (vEE — Dwith)) (3.36)
>

3.4.1 Hamiltonian analysis

The computations done in this subsection are generalized by the analysis of the
parametrized unimodular Holst action in [62]. In order to recover the expressions
for the Palatini action from that paper one must take the limit v — oo and A = 0.
We start our analysis by computing the fiber derivative (2.3) of the Lagrangian
(3.36)

%

42



which defines the canonical momenta

pw(w):/e”KL (el/\e‘]/\wffL) ,
)

Pe :07
pet :07
P.,, =0.

Clearly, F Lcp : TQQ — T™(Q is not a diffeomorphism, hence the system is singular.
The Hamiltonian (2.5) is

H(p) = /EEUKL (e" Ae? A Dwft —2eje’ N FEE) (3.37)

The canonical symplectic form of T*() is

QZ,Y) = Ye(Xe) = Xe(Ye) + Yo (X)) — Xy (Vo)

+ Yet(Xet) - Xet (Yet) + th (th) th(ywt) )
and its pullback to the primary constraint manifold
w(Z,Y) = 2/ eryxre NI NZEE—ZI NYER) (3.38)
b
We compute the differential of the Hamiltonian (3.37)
dH(Y) = / ( —2Y e, e’ NFEE (3.39)
s
+2Y) Aegyir, (67 A Dwft + e AN FRE) (3.41)
+ 2V, A (ercppwrs " e" NeM — e Diefer)) ) . (3.42)

By equating (3.38) and (3.39) one sees that the Hamiltonian equation (2.6) can
only be solved in the submanifold defined by the constraints

J KL
€ryxre N =0,

3.43
erxr D net) =0, ( )
and the Hamiltonian vector field is determined by the equations
J KL J KL | J KL
€ e NZ," =€ e’ NDw, " +e; F ,
IJKL IJKL ( t t ) (3.44)

K L K L K L M
€ryxre NZ; = €]JKLD<€t € )_GIKLMWtJ e Ne .

Note that the components Z,, and Z,, are undetermined. A particularity that the
equations (3.44) present is that the internal indices I run from 0 to 3, while the
manifold where they are posed is only 3-dimensional. An effective way to study

43



these equations is to separately consider the cases I = 0 and I = ¢. When doing
this, we make use of €;;, 1= €iji, where 4,5,k = 1,2,3. We then get

eme N2y = e (¢! N Dwy' + ] FM)
cign (26 N 23 — & A Z0F) = €ig (26) A Duf* + 26 % — & A Dui® — e F)
e’ N ZF = egpD(ele®) — ejuw, /e Ae
€ijk (eo NZF— e A ZS) = €;xD (6? efeo) — €ilm ( Wy Oct A e™ + th] " Ne ) .

Note that in the previous expressions, although only spatial indices are visible, the
covariant derivatives (including the curvature) contain sums over all indices, for
instance, F* = dw* + w* A w™ + Wk A W% By making use of the constraints
(3.43) and using Lemmas 13, 14 and 15 of Appendix B one is able to solve these
equations to obtain after a lot of work

k ! I k
I A k1 e’ NDe'\ ; (€ NDe !
Z,=De;, —w, ge” — —e€p | ———— | €& —€guey | ——— | e,
2 vol, vol,

g g 1 e'ANF
_ i k l qr
ZZ;J = Dwt — € (Tkle + Zeklmep‘”etp (Tle) em> s
E oA i 0
e*Ne" ' Ne .
Zl0 Dwio — Tjk (—) e’
n 1 el SAY 2 Fkl i (eANFLN
—eip€? e e | —— e
4 Ik gk vol,
1 enFM /\F’“l n eNFYY
—eipged e+ eqgef [ ——2 e
T g kT Jki™t vol,
j k l 0
—let e” /\sz eﬂ/\e A€l ei—l—le{ el N Fy, e"Ne' Ne o
2 4 vol, vol,
1 e/\F et Aet A e 1 e/ NF et Aet A ed
— ey, Kl o1 ey, Kl o ,
2 2 vol, vol,

where the 7;; € COO( are arbltrary functions symmetric in 7.

Having obtained these expressions, it is still necessary to check the tangency of
the obtained solution to the constraint submanifold. This can be done as explained
in [62] by taking the appropriate limits. In that process some additional secondary
constraints appear

e A De?) =0 .

Note that these constraints can be easily obtained in a straightforward way by using

the equations of motion method explained in Subsection 3.4.3.

3.4.2 Lagrangian analysis

Since the configuration space of the Lagrangian (3.36) is
Q=C®(D)* x A'(X)* x (%)% x QY(x)°
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we can use the STL simplification. We must first compute the submanifold given
by Proposition 4. The presymplectic form is

WLep (Z,Y) = 2/ EIJKLeI A (YeJ A ZfL - Zé] A YWKL) )
N

which has the same expression as (3.38), as expected by the discussion in Section
2.5, and its kernel is given by

By splitting indices, the expressions become

eijkeo AN X; - eijke’ VAN Xg =0 s
eijkel A Xg =0 y
ei]-ke’ A Xik =0 s

2€ijk6] VAN ng - eijkeo AN Xik =0 s

and by using Lemmas 14 and 15, we find that these conditions are actually equivalent
to

kerwre, = {X€X(TQ) | X/ =0, XX =01} . (3.45)
Likewise, the energy is
Ep,(v) = / €1IKL (61 Ael A DwEE —2¢ele’ A FKL) ,
b

which has the same expression as (3.37).

Now we use Proposition 4. For any X € kerwy,,,,, compute
xdEr, = / €ITKL (€I Ael A DXfJiL — 2X§t6J A FKL)
b
=— / 2€1 7K1 (eI A DeJXﬁL —|—Xé’t€‘] A FKL) .
by

The points where this vanishes define the submanifold S, determined by the con-
straints

€k ANDel =0,

J KL _

Because of (3.45), one has 8 = X(T'Q), hence (2.14) of Proposition 7 requires

w

0= / eene A (V] — Z7) N XKV Z XI A (K - ZEK1))
>
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for any X € X(T'Q) and Z any solution to (2.11) in S;. Splitting the indices of these

expressions we obtain

€rkLe A (VeJ — Z;]) ANXEE = ¢, (60 A (Vi — Zg) —e'A (vg — Zg)) AXH
+ 2€ij5€" A (vg — Zg) A X
e NXT A (VEE = ZKEY = ey (268 A (WO — Z9) — O A (v — ZF)) A X
+ eijkei A (fo — Zik) A XS ,

and since this must vanish for every X, by Lemmas 14 and 15 this implies that the
additional constraints Sy are given by

Z! =

I _
Z,=V

€~ o~

which implement the second order condition. Finally, computing (2.11) yields the
equations for the Hamiltonian vector field
J KL J KL | J KL
K L K_L » M KL
€€ NZg =€y € Net — e Diefe”) .
Since the constraints and equations for the Hamiltonian vector field are identical to

those found in Subsection 3.4.1, their solution and tangency analysis proceed in the

same way.

3.4.3 Equations of motion analysis

We are now going to use the equations of motion method described in Section 2.4.
We need to compute (2.17) for the equations of motion (3.34) and (3.35). As shown
in [01], the equations of motion decompose into

De! = dt A (V{a — Def + thJgJ) + De’ ,

EIJKLeJ ANFRE = 6IJKLQJ A EKL +dt ANepyky (ei]EKL —e’ A (VfL - DwtKL)) )

hence by extracting the adapted components of these equations we obtain the con-

straints

Del =0,

ey’ NFRE =0,
and the equations for Z

I _ pl I J
Z, = Dep —w, je’

J KL KL\ __ J KL
€rIKLE /\(Zw — Dw, )_EIJKLetF )

46



while Z.,, Z,, are arbitrary. The expression of the Hamiltonian vector field and the

tangency analysis proceed in the same way as in Subsection 3.4.1.

It is remarkable how using this method we directly get the constraints De! = 0
rather than the constraints eUKLD(eK A eL) = 0 obtained in Subsection 3.4.1.
This happened because we were able to find the alternative expression (or partially
solve) (3.34), (3.35) for the equations of motion (3.33). In particular, notice that
the equations €7 ke ADe’ = 0 are 3-forms in a 4-dimensional manifold with 2 an-
tisymmetric indices, which means that they amount to 24 equations. The equations
De! = 0 are 2-forms with a free index, which amount to 24 equations again. How-
ever, when taking the pullback of both sets, the number of independent constraints
change. In the former case we now have 3-forms in a 3-dimensional manifold with
2 antisymmetric indices, that is, 6 equations. In the latter case we have 2-forms
with 1 free index, i.e. 12 equations. Of course, since in the first approach there
appear less constraints a priori, when properly performing the GNH analysis, six
more constraints must appear to match the twelve constraints found by the second
approach. This shows that the possibility of rewriting the field equations in different
forms may help find the constraints in a simple and direct way, much simpler, in
fact, that the standard implementation of the GNH procedure (or even the same
field equations method without rewriting the equations).
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Chapter 4

Anti-self-dual action

In the 80s and early 90s there was a particular interest in gravitational theories
of self-dual connections [63]-[65]. Since the self-dual part of the spin connection
equals the connection resulting from the equations of motion of the self-dual action,
one can see that, although self-dual connections have half as many components
as their general counterparts, the self-dual action also yields General Relativity.
Hence, the idea was to use such actions with a reduced number of fields with the
hope of dealing with a simpler theory. However, an unintended consequence of that
approach is the necessity to work with complex fields in order to recover Lorentzian
General Relativity. This gives rise to some hard technical difficulties, in particular,
in order to have real metrics one has to introduce by hand some reality conditions
whose consistency must me checked. Moreover, the Hamiltonian formulation of field
theories defined by complex Lagrangians presents some subtleties and differs in a
significant way from the real case. It is in this sense that real fields are preferred in
these treatments, since they automatically clarify or bypass many difficulties caused
by the presence of complex fields. Because of this, when the real Ashtekar variables
appeared [66], self-dual theories with complex fields were quickly forgone.

The interest for self-dual formulations of General Relativity originated a long
time ago. Plebaniski introduced in [67] a formulation for General Relativity where
self-dual 2-forms played a central role, which was later seen to be equivalent to
Ashtekar’s formulation [64]. Also, the vacuum Einstein equations were found to
be the condition that the curvature of a self-dual connection is self-dual in [68].
Moreover, Petrov’s classification of spaces [09] heavily relies on self-duality. It is clear
that self-dual connections have a privileged spot in the variational setting for General
Relativity. ith that in mind, it is worth paying some attention to the Euclidean
version of self-dual formulations of General Relativity, which are interesting for a few
reasons. The path integral formulation for the quantization of this type of theories
yields a Gaussian-like probability distribution, which can be computed through a
perturbative expansion [70]. Then, one can attempt to perform a Wick rotation
hoping to recover the Lorentzian version. Also, Donaldson invariants in 4-manifolds
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[71] are interesting from a mathematical point of view and are connected to Yang-
Mills theories. In this chapter, we will retake the study of (anti)-self-dual Euclidean
General Relativity, which is defined in terms of real fields as opposed to its Lorentzian
version, and carefully perform its Hamiltonian analysis.

The internal Hodge dual of an SO(n) or SO(1,n—1) connection w’;, depending
on the signature € = +1, satisfies

(*Zw)lj =cw!; .

Note that in the Lorentzian case, * is diagonalizable in the complex numbers and

its eigenvalues are =+, while in the Euclidean case it is diagonalizable in the real

numbers with eigenvalues +1. This implies that a Lorentzian theory of (anti)-self-
dual fields forces them to be complex, with

+\ 1 - R 4\ 1

(*w )J—j:z(w ) 7o

for the self-dual sector w™ and the anti-self-dual sector w™, while in the Euclidean

case we have

(), = = ()

J J

Hence the anti-self-dual Euclidean Cartan-Palatini action is

Saspcp(e,w) = / erre Nel A (F ; (4.1)
M

_)KL
where (F7)*" = d(w™)*" + (w_)KJ A (w™)”*, which is very similar to (3.32)
but with the difference that (w™)"*" is now an anti-self-dual SO(4) connection
(k) = — (W)™, this is,

_)IJ _ —EEIJKL (w

_\KL
> )

(w

Notice that in this form, the variations of (w™)*" only run through the anti-self-dual
connections, which can be an unpleasant restriction to deal with. An alternative

way to write the action (4.1) is
M

where F/V = dw!’ + w!j A w7 and P_%%,, is the projector onto the anti-self-
dual sector of so(4). By doing this, the variations of w!/ can be taken now to be
arbitrary. The full expression of P_?/,; is

1
P:I:IJKL = ) (5IK5JL - 5JK5[L + 6HKL) .

Since (anti)-self-dual connections only have three independent components, this

relation allows us to introduce three 1-forms w®, i = 1,2,3

w' =2 (w_)Oi ,
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related to the other components of w’’ by

1 ..
—\4 . 1) k
w =——cl w".
Hence, one can write (w‘)” — and in general elements of the anti-self-dual sector

of so(4) — as

0 wl' W W
(w_)” 1wt 0 - WP
N —w? Wl 0 —w!
—w? —w? Wt 0
This yields the relations
D1 g 1.
(F_)O = §Fz 5 (F_) J = _§€ijk 5

where F" is a new curvature defined as F' = dw' + %eijkwj Aw". Similarly, elements
of the self-dual sector of s0(4) defined by

1
Bl — §EIJKLBKL .
can be written as
0 B! B? B?
—B! 0 B —B?

BIJ —
-B?* -B* 0 B!
-B* B* —-B' 0
Let us also rename « := e°. Now rewriting the action (4.1) with the new

variables (a, €', w') by splitting the indices in 0 and ¢ = 1,2, 3 we obtain [72]
Sasple,w, a) = / (e0e' Nl ANF* —2a Ae; NFY) (4.2)
M

Note that the curvature F? is the same as in the Husain-Kuchai model studied in
Section (3.3).

Note that we can treat i, j, k as SO(3) indices since the gauge transformation
oaw’ := (Zp), = —DA",
5AOé = (ZA)a =0 s (43)

oae’ = (Za)e = _Eijkej/\k )

which is a linear combination of a self-dual and anti-self-dual SO(4) transforma-

tions, acts as an SO(3) transformation on the fields. The gauge transformations
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corresponding to the other SO(3) factor (recall that SO(4) = SO(3) ® SO(3)) are
[72]

Srw' = (Z;), =0,
bro = (Z;)o = i€, (4.4)
5re' = (Z;)h = —T'o+ et

We use the Z notation for the gauge transformations since we can interpret them as
vectors in the kernel of the exterior differential of the action, as explained in Chapter
5. It is remarkable that setting ac = 0 in (4.2) we obtain exactly the Husain-Kuchaf
action (3.18), and that by adding an additional term we arrive at Euclidean General
Relativity.

The equations of motions given by the action (4.2) are

D(aAey) +epe ADe =0, (4.5)
e NF'=0,

It is actually possible to solve equation (4.5) for w’, yielding the solution

1 [ (aAda—e,Ade") Nel —€ el Nef A da
W' == «

2 vole

1 [ Nep Ade + €€/ Aer A de o

2 vole

alNe Nde;\ e) Nef Adel .
| ———— )ty | —————— ) €
volg volg

n 1, [aAdaAre” ;

—, | ———— )€ .

2 Ik vole

Then, by using this expression in equations (4.6), (4.7), one obtains Einstein’s field
equations.

The Lagrangian obtained from the action (4.2) in the configuration space
Q=C>(X)* x QHX)? x C®(V)* x Q1) x C=(T) x Q& (%),
is
Lasp(v) :/ ( (eijkei ANel —2a A ek) A VfJ +D (eijkei A&l —2a A ek) wf
s
— 2ae; N F* + 261’; (eijkej A FE —l—a/\Fi)> ,
and its fiber derivative (2.3) is

FLasp(v)(w) = / (eiue" Nl —2a Ney) Awh
>
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Then, the canonical momenta, which define the primary constraint manifold, are

pu(W) = / (eijkei Ael —2a A ek) A wﬁ ,
>

Pe = U,
Pa =Y,

The Hamiltonian (2.5) is

H(p) = —/ (D (e,»jkei Ael —2a N ek) wF — 2a,e; N F' 4 26! (eijkej A F* —I—oz/\Fi) ) ,
2
(4.8)
and its exterior derivative
dH(Y) =
_2/ (Ya A (etiFi + wy; De’ — d(wtiei))
2

+Y! A (€jn (w{Dek + D(wf + Fef)) — wyda + D(wya) — oy F)
+Yj A (D(etia — aye; + eijkegek) +el A €iWi; — €ijp N ejwf)
~Yo.ei A F'

+Y$t (eijkDej ANeb —daNe +an Dei)

‘|‘th (eijkej/\Fk—i—a/\E-)) .

The canonical symplectic form of T*Q) is

Q(Z7Y) - Ye(Xe> - Ze(}/e) + Yw(Zw) - Zw(Yw) + Y&<Za) - ZO&(Y&)
+ Yet (Zet) - Zet (Yvet) + th(Zwt> - Zwt<th) + Yat(Zaz) - ZOlt<YOét) )

and its pullback to the primary constraint submanifold
w(Z,Y) = 2/ (Yj A (€iju€® + 6inat) N ZE — Yo Ney N ZE
b
= YEN(ZEN (e’ + 00) = Za Ae) ) -
The equations for the components of the Hamiltonian vector field are

etiFi —Dwti/\ei = €k/\Z£ s
€ijk (Fjef — Dw{ N €k) + Dwti Noa — OétFi = — (Eijkej + (Sszé) N Zf s
D(ej;a0 — aye; + eijke{ek) +el A eiWrj — €ijrQ N el wk

= Zg AN (Eijkek + 6@]05) - Za Ne;,
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which are better written as
e, F' = e, A (ZZj — Dwti) , (4.9a)
(eijke{ + 5ikat) Fk = (eijkej + 5Z-koz) A (Zﬁ — Dwf) , (4.9b)
(Zo — Day) Ne; + (eijke{ - (5ik04t) De* + e,;Da

= (eijne’ — duct) A (ZF — Dey — €, elw™) . (4.9¢)
Finally, the constraints are
e; N\ Fz =0 y
D (eijkej Aef —2a A ei) =0, (4.10)

(eijie’ + dipa) NFF =10
Other useful alternative expressions for the constraints are
e NF'=0,
D ((exbs; — era) A€?) =0,
ANFF— P NFI = —eT*a N F, .

Since the system of equations (4.9) is linear, in order to find the general solution
we need to both find a particular solution and the solution to the homogeneous
system, which is equivalent to finding the kernel of a linear operator. Let us first
find the solutions of the homogeneous system defined by (4.9), which is

ex NZF =0, (4.11a)
(eijkej + 5%&) AN Zﬁ =0 s (411b)
ZI N (egue” + 6ij0) — Za Ne;p = 0. (4.11c)

Since we are requiring that ¢’ is a non-degenerate frame (recall that X is a 3-

dimensional manifold), we can write

Zé = :uijej )
Z,=p'e (4.12)
Za = )\iei .

By using (4.12), equation (4.11a) directly gives the condition
phel™ =0, (4.13)
while equation (4.11b) transforms into
(60 — 850™, + €' ayd) pF =10,

where q; is defined by o = a4e’, or alternatively, by Lemma 11 of Appendix B, in

1 aNelAeF
o = =€ | ———— ] .
BT gk vol,

terms of densities,

93



The tensors
(Qi)mi;kl = 5m¢5lk - 6mk51i + 5ik€jmlaj ) (4.14)

can be thought of as matrices in the multi-indices mi and ki, with the former upstairs
and the latter downstairs. Note that (Qi)mZ kl is neither symmetric nor antisymmet-
ric in those multiindices. Since we will be interested in solving equations involving
these tensors, but with images in no particular subspace, we need to compute the
inverse of the matrix in the sense

(Qﬂ_tl)pq;ml (Q:t)mz’;kl - 55551 :
This is given by

i 1 ) ) . )
—1\P T 7 7 2 7 7
(Qﬁqm—aﬁ:zg<%%—2&Q+a(W%m—ﬁ%)
+ 550/0% — (5fno/ozq + 5fnozpozq — 5éozpozm — 5piaqozm — 5qmozpozi

+ o (6,7, (00, + a'am) + €, (87 + aPay) — 26,7 (g + agu))

D
-« aaqam) ,

(4.15)
where o? = q;a.
Interesting properties of the inverse of () are
@M, =@"),.0 (4.16a)
@ﬁ%;za%—%ﬂid%ﬂ, (4.16b)
€ (R = € & Ohtm (4.16¢)
a, (Q;l)pq;mi = % (g0, — 2006, — o' agu £ €' yg) (4.16d)
Hence, the equation for p*, becomes
(Q—>mi;kl P =0,
and since )_ is invertible, this means that p*, = 0.
By introducing the expressions (4.12) in (4.11c), one obtains
0 = (eijutt’y + 1/ 0ij00 — Mibix) € A ¥
hence the kernel of the linear operator is determined by the solutions to
(€ijte + dijoue) Mjl] = A\pOr)i - (4.17)
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These are 9 relations (since in (4.17) i is free and is antisymmetric in [k) between the
12 functions ,uij, i, revealing that this sector of the kernel can be parametrized by
only 3 functions. It is thus possibly more sensible then to try to write the 9 functions
uij in terms of the 3 functions A\’. In order to do so, one must, in a sense, invert the
relation (4.17). By multiplying by 6 in the previous equation, one obtains

1 .
)\l = Qujk (5klOéj — 5ijél — Ekﬂ) .
Multiply both sides by the tensor
Bjkr = ijr - 5jrak )

which is built in such a way that

1 .
3 (5klaj - 5kj0q - ekﬂ) B =6, .

This implies that the expression of 4/’; in terms of X is
pfj = eijk)\k — 0 oA

Then, the kernel of the homogeneous system (4.11) is given by

79 =0,
20 =€ e\ —a\ (4.18)
Zg = )\iei ,

parametrized by the 3 functions \°. This gives the SO(3) symmetry generated by
(4.4).

Let us now find a particular solution to the system (4.9). Write =% = Z! — Dw!
and Z = Z'¢/. Then, by right-multiplying equation (4.9b) by - A €™, it can be
conveniently written as

(€ijk + Oircyj) =Fel Net Ne™ = (eijkeg + 5ikat) FEAe™
which written in terms of densities and by expanding and making use of (4.14) yields

F’“/\em)

(Q_)mi;kl Ekl = (5lk5ml — 5lz5mk + (5ik€jlm0éj) Ekl = (eijke{ + 5ikat) ( vol

By using the inverse of ()_ given by (4.15), we find

Fk A em
vol, ’

=, = (@), (et +dnar)
and hence, the expression for the w component of the Hamiltonian vector field is

i i 1\ 4 j FEnemy
7! = Dw; + (Q") pim (€qjnel + Ogrcrr) )¢ (4.19)
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This must also be a solution to (4.9a). By plugging it into the equation, we will either

find that it is automatically satisfied or that it generates a secondary constraint. The

expression is

) ) k m
ey F' = (Q:l)zp;mq (eqjke{ + 5qkat) <FL) e; N el . (4.20)

vol,

(Q:l)ip,mqei AeP =e' Ae,y,
1

- —>o/" (e,.pqep Ae? (8, + o) — 26, (€7 A em + ame? A ) ) ,

2(1+ a?
the right hand side of (4.20) becomes, by grouping terms by e} and oy,

el | )0 —;ar EmikErpl T Qmade, i€
t pjkClm 2(1 +a2) mjkCrpl m qik€rpl

FENem
-2 (6rj5pk — 5rk5pj) (6lm + OélOém) )) <—6) eP A @l

vol,

1 , FEAem
+ (e <5pk(slm — m@ (ET’pl — 267"pk (6lm + OZlOlm) )) (Tle) eP A\ el .

By using the usual relations between (5} and €5y, the constraints

Gijkej/\Fk:—Oé/\Fi,
ei/\Fi:(),

and the relation

) . 1 .
e'Nel = §eklme”kel ANe™

given by Lemma 12 of Appendix B, one finally obtains that the right hand side of

(4.20) becomes just

J
e Fy

which satisfies the equation (4.20), hence no new secondary constraints are generated

at this point.
Next, using Lemma 16, equation (4.9¢) can be solved for Z, with

((eilmel — 6 ,0) A (ZI" — De* — €™, ePwi) A ej> .

e
vol,

1
Zo = Doy + o Ciik

1 (€hneh — 0" ) De™ AN el + e’ Danel\
— 5€ijk €,
2 vol,
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with the restriction for Z! given by
(2" — De* — €™, ePwil) A (elelm(i — a&ffl) A el
+ (eielm(i — até,%) eV A De™ 4 ¢, A Da =0 .

By naming ¥’ = Z! — Dej — € elwy and defining W', by W' = ¥’.e/, one can

rewrite the equation as

-~ —e.%e) A Do — ele, Ued) A Dem (i A Ded)
TZ]mq \Ijmq — ( € € o etelm Vil e’ + Qe € ’ (422>

where T’ ijmq is though of as the matrix in the multiindices 757 and mgq given by
T4,y = 0861 — 6796, — oye67) .
The matrix 7T is not invertible: its kernel is 3-dimensional and is spanned by
(K)™ = 6" —¢™ .
The kernel of the transpose of 7', T, 4 is also 3-dimensional and is spanned by
(KlT)ij = €lij

which tells us that the image of T" are the tensors symmetric in 7. Hence, the right
hand side of (4.22) indeed is in the image of T,
exists without the need of introducing additional constraints. Hence,

and a solution to the equation

Zy = Dej + €' jelwi + o' —ope” el + U

where o” are arbitrary and W' := ¥’e/ is a particular solution to (4.22). It is hard
but straightforward to check (by using the constraints (4.10) and properties (4.16b),
(4.16¢), (4.16d)) that

: r i i De, Ne?
U =—(QY) p;jk (er'el + Spov) (l) :

vol,

indeed satisfies (4.22). Hence, the ¢’ component of a particular solution of the

Hamiltonian vector field is given by

7' = Del + ¢ ek + gl — pij_(Q_l)r k( il 4 §i ) De, N eP i
e =Dey + e elw +o'a—oe e =),y (en'er+ Opon —ol el
e

(4.23)

With this expression we can rewrite (4.21) as

r De, N e?
Zo = Doy — oy€" + ey (Q:l) p;kl (l) et (4.24)

vol,
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In summary, by joining the particular solution given by (4.19), (4.23) and (4.24)

with the homogeneous solution (4.18), the general solution for Z is given by

| | i FFAem
Zy, =Dw; + (QZ')' " (eqmes + dgncrr) (Tle) .

P yi 0 g,k i ik i i i _j k
Z, =Dei + € elwi + €3/ \" = Nato'a—€yeo

Y ; ; De, NeP\
_ (Q_l) p;jk (ekl ei + 5kat) (T|e> 6‘7 ,

De,/\ep> f
— )"

Zo =Day + \ie' — ¢ + ey (Qil)rp;kl ( vol

Note that in this solution there appear 13 arbitrary functions (ef,w?, ay, \!, o?),
however due to the particular form in which A\* and ¢! show up, they can be combined
together by defining a new arbitrary parameter 7¢ := A\’ — ¢*, hence the number of
independent arbitrary functions is reduced to 10.

However, there still are more equations that the Hamiltonian vector field must
satisfy as per the GNH algorithm, namely, the tangency conditions derived from
(4.10), which are

Ze; NF' 4+ e, ADZ! =0,
D(eijkej/\Zf—a/\Zei—ei/\Za)+Z$A(€i/\€j—€ijk04/\€k)207
6iijg/\Fk+Za/\E+ (Eijk€j+(5ik04) /\DZE =0.

In order to work with these equations it is more convenient to rewrite them and
eliminate the covariant derivatives of the Hamiltonian vector field, since their com-
ponents are written in terms of densities. It is a better strategy to take the covari-
ant derivative of equations (4.9) and substitute the matching terms with covariant

derivatives of Z. Doing this and using the constraints when necessary yields

(Zes — Dev; — eire’wl) N F' + Dey A (Z, — Dw') =0, (4.252)

Dwf A (er0ij — €ijrar) A el — el (eijrer + Ope5) A Pk N o (4.25D)
- 6klm (Gijk‘fj - 5ik04) A ZL ANe™ =0,

eijr. (21 — De] — €, e'wi™) N F¥ +(Z, — Doy) N (4.25¢)
+D (Ez‘jkej + 5Z~koz) A (Zf — Dwf) —0.

By plugging the values of Z! and Z! given by (4.23) and (4.19) in condition
(4.25a) we immediately find that it is already satisfied. Equation (4.25b) can also
be seen to hold by plugging the value of Z! (4.19) in it and then using relations
(4.16b), (4.16¢), (4.16d). One would also need to check that condition (4.25c), when
using the expressions (4.8), is satisfied.

Then, since none of the arbitrary functions have been fixed in the tangency
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conditions, the general form of the Hamiltonian vector field is

7 =Dt + Q1) 7 (eqnel + 6prc) (l) o

vol,
Zé :Def; + eijkejwf + eijkeka —ar’
_ —1\" k i1 1 Der N eP j (426>
(Q* ) ] (Ekl € +5kat> ( vol, )6 )
- i L[ De. NeP\
Z, =Doy + 1;¢* + € -1 — | e,
: @ ()

which depend on the 10 arbitrary functions e!,w;, ay, 7". Notice that this coincides
with the number of expected symmetries (6 coming from the SO(4) group and 4
from the diffeomorphisms). Moreover, it can be read off from their expressions that
w; and 7° are the parameters of the two SO(3) gauge symmetries that arise from the
decomposition SO(4) = SO(3) ® SO(3) (whose representations are given by (4.3)
and (4.4)), and that e!, oy parameterize the diffeomorphism symmetry. Also notice
that the solution depends linearly in the parameters, making all the evolution of the
system gauge. This is consistent with the fact that the Hamiltonian (4.8) vanishes
on the final constraint submanifold.

In practice, one might not want to find the general solution to (4.9), which are
complicated equations. An alternative that allows us to greatly simplify them is
fixing the gauge. In particular, one can use the so-called time gauge which forces
the timelike covector in the coframe to be aligned with the normal to the leaves 3,
of the foliation. This amounts to setting o = 0 while letting «; be arbitrary. Note
that by doing this we are removing a whole SO(3) factor from the symmetry group,
so that only the diffeomorphisms and a single SO(3) symmetry group remain. By
using this fixing, the Hamiltonian equations (4.9) become

e’ = ey N (Z) — Duw') ,  (4.27a)
(Eijkeg + 5ikat) Fk = Eijk€j N (Zﬁ — DWf) s (427b)
—Day Ne; + (eijke{ — 5ikozt) DeF = eijkej A (ZéC — Del — € elw;") , (4.27¢)

lm

and the constraints (4.10) are

e NF'=0, (4.28a)
Ez‘jkDGj VAN €k =0 5 (428b)
eijpel NFF =0 . (4.28¢)

From equations (4.27b) and (4.27¢), using Lemma 13 from Appendix B we di-
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rectly obtain the solutions

i k
. . C e* A\ De .
k l
Zé — Dei —+ e’jkejwt + €5klCy (T e’

A De\ ;1 A DeP\ “Nej AND ;
+ oy Gnze e — —ay A el — G R TMN el (4.29)
vol, 2 vol, vol,
: : IANFRN CANFN
7! = Dw} + €jpel ‘ el — oy < L) el .
vol, vol,

It remains to check that solution (4.29) also satisfies equation (4.27a), otherwise,

the system would be incompatible. By plugging the solution one obtains

, , e ANFRY e NFTN
e; N\ ZL =e; N (Dwz + Ejk;lei (T) el — Qi ( vol > 6])
e e

: LN FE : EINFIN L
= —Duw; Ne; + Ejklei (%) e; Nel —ay (e ) e"Nel . (4.30)
v

l. vol,

The second term of (4.30) can be rewritten by using Lemma 12 on the 2-form e; Ae?:

(€ NFF N L (€A FRY 1 e; Nel N eP Tp
eme; | ———— ) eiNe =emet [ —— ) seppr | ————— | €T N e
IR Tyl ‘ I Tyl 2 P vol,

1 o (e NEF

_ Jp q r

= Qete]klemei Vol e Ne
[

= —€€pqr e Ne — et Ne”
9 1 (( vol, vol, !

— §€t€pq7. (Tle) el Ne' = §€t€pqr Tle e!Ne" = etE y

where we have used the constraints (4.28a) and (4.28c) respectively in the last two
lines. The third term of (4.30) vanishes since €’ A FY is symmetric while e’ A €’ is

antisymmetric in ¢j. Hence, equation (4.27a) is also satisfied by the solution (4.29).

We still need to check tangency of the Hamiltonian vector field (4.29) to the
constraint submanifold defined by (4.28). The conditions are

El’ijg A Fk -+ eijkej VAN DZI; =0 s

Z'NFi+e;ANDZL =0,

eiji (DZ2+ €, ZL Ne™) N ek +epDe? NZE =10 .
As in the full case, dealing with covariant derivatives of the components of the
Hamiltonian vector field is inconvenient, so a better strategy is to take the covariant

derivative of equations (4.27) and use them to rewrite the tangency conditions. This
yields

6 (22 = Del = &, ") A F* + D A (75— D) = Do N =0,
(Z. — Dej — € wi) AN F; + De; A (Z, — Dw}) =0,
(Zﬁ—Dwf) ANe'Nep —efe, NF' =0 .
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By plugging the expressions found (4.29) for the Hamiltonian vector field, and by
using the constraints (4.28), it is easy to check that the tangency conditions are

automatically satisfied, hence there are no new secondary constraints.

One can actually recover the result (4.29) from the more general solution (4.26).
In order to implement the time gauge, one must not only set a = 0, but in addition,
some of the arbitrary functions in (4.26) need to be fixed (since we are actually
reducing the gauge group), namely the three 7; which correspond to the SO(3)
symmetry that acts on a. The right choice of these parameters is

1 Doy A el AeF 1, ([ DepA er 4o De' A ¢
=——€Cip| —————— | ——e, | ——— el —— |
o ik vol, 2! vol, ¢ vol,

which yields Z, = 0 and recovers the expressions for Z!, Z! given in (4.29) as

expected. This is easily seen by using the constraint (4.28b) and the identity

0 = 8e€ijrdnr = €k — €jk10ir + €104y — €13j0ky -
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Chapter 5

New perturbative approaches to
gravity

Perturbative approaches to field theories have been extremely fruitful. However,
due to the non-renormalizability of gravity, standard perturbative methods do not
work in this context. In this chapter we consider a totally covariant approach to
perturbative treatments of the Einstein-Hilbert action, namely, perturbative methods
based on consistent deformations of internal Abelianizations. This procedure does
not depend on auxiliary background structures such as the Minkowski metric, but
rather relies on the exact treatment of the unperturbed theory. This chapter is
devoted to exploring this technique. In Section 5.1 we discuss the gauge structure
of an action and the structure tensors and equations that arise. In Section 5.2 we
outline the construction of the BRST antifield formalism, which is the basis for the
techniques based on consistent deformations. In Section 5.3 we apply the approach
to several important actions related to gravitational theories. Detailed and in-depth

accounts of the BRST formalism and its implications for gauge theories are given in
[73-177]-

First, a comment on notation. The Euler forms E 4 are defined by
ds = / EyAndot (5.1)
M
where the ¢# are the dynamical fields and A is an index running over all fields.
Then, the equations of motion are given by
Ey=0.

In this context, the gauge symmetries are determined by dS: the vector fields Z in

the kernel of d S are called gauge generators. Henceforth these gauge transformations
will be denoted as Z, and their components as Z“, where « is an index running
from 1,...,m where m = dim G is the dimension of the gauge symmetry group.

We will use a very convenient (and traditional) notation. Indices on tensors are
regarded as collective indices, which contain both discrete and continuous variables
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(spacetime coordinates), which are summed or integrated over, respectively. More

explicitly, what we mean is
K% Kb = Z/ dy K% (z,9)K° (y,2) ,
b M

where a, b, c represent any type of index. Although a bit cumbersome, the conciseness

of this notation is useful to avoid cluttered expressions.

In this chapter we rely on the most widely used approach, which is to introduce
derivatives of the fields via Dirac delta distributions and their derivatives, which
then by integration by parts yield the wanted result of differentiating the original
field. An alternative approach is to use the space of jets of the fields, which directly
account for derivatives. However, since a prior: arbitrarily high-order derivatives
could appear, one needs to work in an infinite jet space in order to include all the
possible terms. This is explored in [75].

5.1 Gauge structure of an action

A theory with a finite-dimensional gauge symmetry Lie group G has directions in the
configuration space that leave the action unchanged. These directions correspond
to the vector fields in the kernel of d.S that we parametrize with the so-called gauge
generators. They will be denoted by Z, and their components by Z4 | where a is an
index running from 1...,m and m = dim G is the dimension of the gauge symmetry
group. Note that since the gauge group is a finite-dimensional Lie group, the dis-
tribution generated by Z, must be integrable, which means that the commutators
[Z.«,, Z5) must also be in the kernel of dS and hence be themselves gauge generators.
Since the algebra generated by the gauge generators — the gauge algebra — is not
necessarily closed in gauge field theories, one might need to impose the condition

that nested commutators also are gauge generators. A gauge transformation of the

field ¢* is of the form
dopt = 24 e |

where € are the gauge parameters (that is, functions in the Lie algebra g) and Z4,
is a linear distributional operator whose elements of the image are gauge transfor-
mations. In our case of interest, since we work with the exterior algebra, the gauge
transformations will be of the form

dop? = 20 e + 21 de + ...,

plus other terms that preserve the exterior algebra built with, for instance, interior
products, Hodge duals (if there is a metric) and in general other terms written
with the help of background structures. For convenience, we will follow the usual
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approach in the literature, which is to consider the objects Z4, to be distributions
of the form

ZAa(x,y) = ZOAa6(x, y) + zlAa“i?ﬁ(x, Y) + ... .

Note that the derivatives of Dirac deltas are meant to charge their derivatives to
the fields via integration by parts. A more rigorous approach would be to work in
the jet space J*(g) to account for derivatives directly as coordinates. A better look

into this approach is given in [78].

A particularly simple but interesting case to look at are field theories involving

k-forms and their exterior derivatives. A particular example of such an action is
S(B) = / x*dB 4 A dB# | (5.2)
M

(with each B4 € QF(M) a k-form) which will be used throughout the section to
illustrate several concepts. The gauge transformations of B are dB4 = de?, with
et any (k — 1)-form e € Q¥ 1(M), since they leave the action invariant. Hence,

the gauge generators are maps
Z: Q" Y M) — kerdS
given by Z4(x,y) - € = eAdd(x,y), or equivalently, Z4 (z,y) = 64,dd(x, ).
A gauge transformation is called trivial if it can be written as
do? = Eg ATPA

with 748 = (—1)(=P)(=a+17BA Tyt otherwise, arbitrary bi-forms in space-time of
degree p = deg ¢ in the first variable, ¢ = deg ¢ in the second and degree 1 in
configuration space.

The regularity condition requires that in the submanifold where the equations
of motion hold, the Hessian of the action (which must be understood as the matrix
built with the coordinates corresponding to the second derivatives in the space of
jets) has rank equal to the number of fields that enter dynamically into the action.
Equivalently, this means that the only null vectors of the Hessian of the action are
the gauge generators. This condition is desirable because, when it holds, the box of
the Hessian corresponding to the dynamical degrees of freedom has an inverse and
there exist propagators for the dynamical fields. We will henceforth assume that
the regularity condition holds.

The general form of the gauge generators X is given by
EsNXA=0 = XA=274C*+EgnT? (5.3)

this is, a linear combination of gauge generators plus a trivial gauge transformation,

since

dS(X) = EaANXA=EsNZA,C*+ EANEg ANTP4 =0,
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where the first terms vanishes because the Z, are gauge generators and the second

term vanishes because of its symmetries.

One can regard Z as an operator from the space of gauge parameters to the space
of gauge generators. If this map is a bijection on-shell, then one can parametrize
the space of gauge generators with the my := m gauge parametrs ¢*. In this case,
the theory is called irreducible. On the other hand, if Z is not a bijection (which is
equivalent to saying that it is not injective) the theory is called reducible. In this
case, ker Z is not 0 and we need to characterize it. Let R; be a linear operator with
components I2,*, parametrizing ker Z with m, parameters €*'. Note that the com-
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position Z4, R, € must vanish since R, €*' € ker Z by construction. However,
since we only require it to vanish on-shell, and not in the whole configuration space,

we instead impose

Z* R\, = Eg NKP4 (5.4)

where KP4 . are some functionals. Hence, instead of my, the amount of independent

gauge generators is my — rank R;.
Now, if the map R, is not bijective itself, higher orders of reducibility appear.
In this case, ker Ry # 0, hence we need to parametrize ker Ry again. To this end

we introduce the map R; with components R,"', parametrizing ker R, with my

parameters €*2. Again, by construction,

Rlaal R2a1a2 - EB A KBaag

Thus, the rank of R, equals m; — rank R,, hence the amount of independent
gauge generators is mgy —my +rank R,. Still, the kernel of this map might not be 0
so we still do not have a proper parametrization of ker d.S. This generates a cascade

of parametrizations Ry, with components R, ,** _ of ker B with mj, parameters

QL4
e*t. This also generates a cascade of reducibility conditions

- — Boy_

R, ™ Qakilea" o = EB NKT2 (5.5)
with a, = 1, -+ ,my and where we use as a convention «y := «, a_; := A and
R,"',, = Z*, to include condition (5.4). A condition similar to (5.3) also applies

to coefficients in higher orders of reducibility

Rkak_laank =FEaAN MAS—1 — X% = R}ﬁ-l%C o T WA Sk (5.6)

Qg1

If for some L the map R, , is bijective (rank R; = m), then no more conditions
are generated and we say that it is a gauge theory of L-th reducibility order. In this
case, the number of independent gauge generators is
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Let us continue with our example of a k-form field B with action (5.2). As stated
before, its gauge transformations are of the form d¢? = de?, with ¢4 € Q*1(M)
and the gauge generators are

Z: QY (M) — kerdS

given by Z4 (x,y) = 64 ,dé(z,y). If k > 1, clearly, not every e! € QF(M) yields
a non-trivial transformation, since exact (k — 1)—forms make the transformations

vanish. Hence, ker Z = Q" 2(M). We may now try to parametrize it in terms of
Ry : Qk_2(/\/l) — kerZ ,

with R\, (2,y) = 6%, dd(z,y) and parameters e** € Q" *(M). However, if k > 2,
R, has as kernel the exact (k—2)-forms, which means ker Ry = Q*~3(M). Hence,

we need to introduce a further parametrization
Ry : Q"3 (M) — ker Ry |
Ry, (z,y) = 6,,do(x,y). This process continues until we reach the 0-forms,

which cannot be exact. Thus, this is a theory with (k£ — 1)-th reducibility order.

Now we turn to the restrictions that the gauge generators must satisfy in order to
constitute an integrable distribution. Since [Z,, Zs] must also be a gauge generator,

by (5.3) we can write

Zo, Zg)* = Z4,C", 5 + Ep NTP 5 (5.7)

Note that by the antisymmetry of the vector bracket, both C” 5 and TBAQB must be
antisymmetric in 5. In general, C’Vaﬁ and TBAQB may be functions of the fields and

are called structure functions (or tensors). Note that if C”aﬁ are actually constant
TBA

and all .

TBAaﬂ = 0, the algebra is called closed, and otherwise, open.

5 = 0, then the algebra of gauge generators is a genuine Lie algebra. If

Multiplying (5.7) by Rlﬂ o, vields

20 (2o (R)4,) = OB )

— Ep A (Za (KB4, ) —TP4 RS, — KBCalacZAa) .

By (5.6), we can write

Za (Rl’yal) - C’yaﬁ Rlﬁal = Rﬂyél Célaog + EC A Tc’yoza1

which are new structural equations for the tensors C‘Slﬁa1 and Tcaﬁal .

The Jacobi identity of the bracket imposes restrictions on the structure functions
C and T'. In general, they do not need to be automatically satisfied if the algebra is
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not closed, in which case one needs to introduce new structure tensors and relations.

A direct computation gives

(Za, |2, Z)|* = Z4, (Zo (C4,) + C75C%,) + Eg AB%4

where B is a function of 7" and Z and the Jacobi identity is equivalent to the
vanishing of the antisymmetrization of this expression in the indices af8vy. Then it

can be written as
A A BA
where
A _ A A s
J afy — Z[a (C Bv}) +C [a|5C By

and which, by (5.6), implies

Popy = R0 GY g + Es AT, 4, (5.9)

where Galaﬁ,y and TB’\QB7 are new structure tensors. By using the general form of

(5.9) in the original equation (5.8), we find the sufficient conditions:

A A o B BA
0=2% (R, G4, + Es ND"*5.) — Ex A B®4,
_ BA e%1 A BX BA
= Ep A (KP4,5,G g + 2Dy, — Eg AB"4 5))

which, as a consequence of (5.3), imply

BA a A 1BA BA _ 7B ~AX CAB
K™ apy G agy + 23D apy = Ep N B (agy) = 2750 oy + Ec AT gy

and gives new structure tensors C*% ; and 745

gl Ve

In a completely similar fashion, we need to impose that further nested commuta-
tors of the gauge generators are themselves gauge generators. Also, by multiplying
the obtained relations by the appropriate reducibility coefficients, one finds new nec-
essary equations that may give rise to new structure tensors. By doing this, one gets
at each step more new structure tensors with more indices and their corresponding
structural equations. If the theory is reasonable (finite dimensional gauge group,
finite reducibility order), this process must stop at some point. Then, the structure
tensors encode and determine the gauge structure of the action. Since the number
of structure tensors grows very quickly with the reducibility order of the theory,
studying the gauge structure is quite complicated. A better suited approach is the

one provided by the BRST formalism, which we will review in the next section.

Turning again to our example of the p-forms B, we have (5.7) that the gauge
generators commute
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yielding C7 5 =0, TBAaﬁ and making the algebra of gauge generators a Lie algebra.
Then, clearly the Jacobi identity is automatically satisfied and expression (5.9) tells
us that the corresponding structure tensors are

A _ a1 _ B _
Prs =0, GN =0, TP =0

Since the algebra is commutative, further conditions are automatically satisfied and

their structure tensors are 0.

5.2 BRST antifield formalism

Ghost fields were first introduced in order to retain unitarity when performing gauge
fixings. Even after fixing the gauge, the action possesses a symmetry whose trans-
formations involve both fields and ghosts. This is the Becchi-Rouet-Stora-Tyutin
symmetry. In order to incorporate these heuristically found ideas into a system-
atic study of field theories, the BRST formalism was developed. Later, Batalin and
Vilkovisky introduced antifields [76], which acted as sources for the BRST transfor-
mation and a symplectic structure: these are the main elements of the the antifield
formalism. This turned out to be a very powerful method to quantize gauge theories.
Nevertheless, it is very much worth using the tools it provides for the study of field
theories at the classical level, since it encodes all the information about the gauge
structure of the action.

The original formalism was developed by taking into account both bosonic and
fermionic fields (commuting and anticommuting, respectively) in order to write the
usual actions of the Standard Model. Since for our purposes we only need bosonic
fields, we will omit fermionic fields from the discussion. By doing this, some signs
depending on the Grassmann parity of the fields involved are removed from most
expressions involving operations in graded spaces. The original expressions can be
found in [73].

The construction of the BRST configuration space is as follows 73], [77], [79],
[20]. For each gauge invariance at k-th order, introduce a ghost field C*. Next,
for each field ®4 = {¢#,C%}, introduce an antifield ®*4. The set of fields and
antifields {®4, ®*} constitute the extended configuration space in which the BRST
(sometimes even called BV) formalism takes place. In this space, several gradings
are induced by ghosts and antifields. In particular, we have a grading whose degree

is called pureghost number and a gradation whose degree is called antighost number

defined by

puregh (C**) =k +1,

puregh (C*,, ) =0,
antigh (C**) =0,
antigh (C*,, ) =k +2,
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for K > —1, where we use as a convention ag := «a, a_; := A, C*, | = ¢} and
Co1 = ¢, A further grading is defined whose degree is called ghost number given
by gh = puregh — antigh.

There exists a canonical symplectic structure in the extended configuration space
Q=dot Ado,

whose Poisson bracket is called the antibracket (this name derives from the fact that
it is a bracket for fields and antifields) defined by the basic relations

((I)Av (I)*B) - 6AB )

so one can think of ®* as the conjugate variable to ®4. In particular, the antibracket
is antisymmetric and satisfies the Jacobi identity.

One can then look for a functional S called the BRST action such that gh S =0
and

(8,8)=0, (5.10)

which is known as the master equation. In general, solutions to (5.10) are not
unique, however, if we additionally require that the rank of the Hessian of S equals

the number of fields, then the solution is unique up to canonical transformations.

As an additional condition we require that

S

<1>*:0:S .

This is needed in order for the BRST action to be able to give back the original

action.

Notice that with these ingredients we can define an operator s, that raises the
ghost number by 1 according to,

sF = (FS). (5.11)

As a consequence of the master equation (5.10) and the Jacobi identity of the an-
tibracket, s> = 0, so s can be used to define a differential complex in the space
of fields and antifields. This operator is the generator of the BRST symmetry.
The functionals O such that sO = 0 but O # sX for any X are called classi-
cal observables of the theory. By the properties of s, observables form an algebra.
Equivalently, observables are elements O € Hy(s) in the zeroth cohomology group
of s. This is a powerful identification, since it allows us to transform the problem of

finding S into a cohomological one, for which many tools are available [75], [77].

Since the ghost number of § is 0, the pureghost and antighost numbers of each
of its terms must be equal. Then, one can expand S as a series in the antighost
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number. The first few terms of the expansion are of the form

§=38
+ (bZZAaCa
+C (R, € + 0%, C°CT) + ¢85 (KB, 0 4 K48, ,coC”)
0 (Ry™,,C% + K™, CPCT + K™y ,CPCC?)
+CEph (K4, 0% + KAy Cher + K4, e e?)
+ Phopen (KAP,C% 4 KAPC, Cher + KAPC, 5e°CC?)

+ (terms with antighost number > 3)

Now, using this expansion in the master equation (5.10) gives a set of conditions

¥k and all the K’s with different amounts of indexes.

A
on the tensors 27, R, o

Note that a priori, these quantities have nothing to do with the gauge structure of
the action. The master equation should be solved order by order, i.e., the coefficient
of each ghost and antifield term must vanish separately. Notice that as we go up in
the reducibility order, the amount of terms in S, and hence the amount of conditions,

grows very fast. The first few terms give the equations

EsNZAC*=0, (5.12

¢4 (24, R, — Eg ANKPA YCc =0, (5.13
oh (Zg (24,) + 2% K" s — Eg ANKPA 5)C°C =0, (5.14
Cs (Za (C%,) + C,CY — Ry K™y — Eg NK™ 5 ) COCPCT =0 . (5.15

)

)

)
afy )
Notice that the ghosts (and also the antifields in higher terms) have the effect of
symmetrizing the expressions inside the parentheses. Equations (5.12) tells us that
ZA actually are the gauge generators of the action. Equation (5.13) are the re-
ducibility conditions (5.4). Equations (5.14) are the equations (5.7) requiring that
the commutator of two gauge generators is a gauge generator. Equations (5.15) are
the structure equations (5.9) coming from the Jacobi identity. By continuing this,
one obtains a set of equations that match all the structure equations and reducibility
conditions of the action S. Hence, the coefficients of the expansion of S are precisely
(up to a number, which appears due to the symmetries of the terms involved and
that is unimportant since it can be compensated by modifying the factors in the ex-
pasion) the structure constants and the reducibility coefficients. Hence, a functional
S solution to the master equation encodes all the information about the gauge gen-
erators, their structure and their algebra. In particular, the gauge generators can
be extracted from the term containing ¢%C®, the coefficients satisfying all the re-
ducibility identities (5.5) can be extracted from the terms containing C}, C**+!, the
structure constants can be extracted from the term containing C:C°C?, etc. More-

over, an important consequence is that S = Slg«— is gauge invariant under the

gauge transformations generated by Z,.
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5.3 Consistent deformations from internally Abelian-

1zed theories

In the early 90s, Smolin proposed in [29] a potential perturbative scheme for the
quantization of gravity. His idea was based on considering Newton’s constant G as
a coupling constant appearing in the definition of the curvature and the covariant
differential as

F!7 = dw' + GwIK INZL ,

De! =de’ + Gw'; ne’ .

Then, he used similar expressions with a self-dual connection and found that the
self-dual Cartan-Palatini action can be written as the sum of a lower order term,
independent of GG, and a coupling term proportional to G. This idea can be readily
compared to the traditional perturbative approach in which the metric is written
as the Minkowski metric plus a perturbation, leading to an action with a ‘free’
part (i.e. quadratic in the fields) describing massless, spin 2 particles, known as
gravitons, propagating in a Minkowski background geometry and interaction terms
proportional to powers of G. The new approach championed by Smolin is more
desirable in the sense that the perturbed action only has two terms (the perturbation
is only up to linear terms in GG), each of the terms retains diffeomorphism invariance
on its own and the procedure does not depend on any background objects. The
version of this model with the time gauge fixing is called the U(1)® model (since it

yields a U(1)? connection) and is studied in, for instance, [30].

However, Smolin’s proposal has some drawbacks. First, it is not clear why this
way of introducing the coupling G is the right one. More importantly, it is not
physically clear what taking G to 0 means or even how to use it as a perturbative
parameter since it is a dimensionful quantity. Even if these points were clarified,
it might still happen that the perturbative scheme is not feasible. First, the un-
perturbed theory must be integrable in order to produce suitable ‘free’ solutions.
Furthermore, in order to write the full solutions as an asymptotic expansion, the
perturbation must be regular. Neither of these properties are guaranteed and should
be checked.

A possible systematic approach that can be used to find the kind of splitting put
forward by Smolin is described in the following. Given an action S°, a deformation
of it is a new action S that can be written as a (possibly infinite) series in the
deformation parameter g and such that S|,—o = S; this is

S=> g'st. (5.16)
k=0

A deformation is consistent if it preserves the number of gauge symmetries, even
if their form changes. Note that this also implies that the number of degrees of
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freedom in the theory is mantained. If the gauge transformations of the original
action SO are denoted by Z,°, then the transformations of the deformed action are
also of the form

Lo = Z ngak-
k=0

In a similar way, the equations of motion (and hence the Euler forms) are also
deformed

Ey= Z 9" EA".

k=0

The deformed action will induce a deformed BRST action
S-Y ot
k=0

which must solve the master equation to guarantee that the deformation from S° to
S is consistent.

Given a theory, we build its internally Abelianized version by replacing its in-
ternal symmetry group G by a (dim G)-dimensional Abelian group. At the level of
its Lie algebra g, this is equivalent to requiring the Lie bracket to vanish. By doing
this, the interaction terms that arise from the higher order terms in the curvature
and covariant derivatives disappear. Then, if the theory given by the resulting ac-
tion is integrable, one can add as an interaction the term that was eliminated from
the original action by the process of internal Abelianization. If the deformation is
consistent, then a regular perturbative scheme can be set up as long as the solu-
tions of the Abelianized theory can be found in a sufficiently explicit form. This is
precisely the case in Yang-Mills actions, whose internal Abelianizations are multiple

independent copies of the Maxwell action.

The deformations (5.16) that we will obtain using this procedure are just of the
form

§=28"+g8",

where g is the perturbative parameter and S! collects all the terms lost in the process
of internal Abelianization. The perturbed gauge transformations and Euler forms
are expanded in the same way. This yields a BRST generator & that must satisfy
the master equation (5.10), and in particular, (5.12) (which must always hold for
both reducible and irreducible theories). Among the theories that we will consider,
only one of them is reducible and coincidentally, the deformation that it defines is
not consistent. For the rest of them, one still must take into account the closure
of the gauge algebra (5.14) and the Jacobi identity (5.15). Hence, in the described
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particular case, this imposes, up to first order, that

0=dS(Z,) = / EsNZ4,
M

:/ (BSAZM, +g(ELNZ, + ESANZY) +0(g%) . (5.17)
M

To zeroth order in g, (5.17) is automatically satisfied since this is the condition that
the internally Abelianized action is gauge invariant under its own gauge transfor-
mations Z%4 . However, to first order (5.17) is only true when the deformation is

consistent. In this case, diS*(Z2) must vanish when the unperturbed equations of
motion EY hold. Furthermore, we can write

g/ EYANZ% ) = —g/ ESAZY . (5.18)
M M

From expression (5.18) one can read off the deformation of the symmetries Z'4

-,
Notice that, if the deformation preserves the gauge symmetries, i.e. if Z14 =0,
then dS'(Z?) vanishes identically.

It should be noted that it is relevant which action we take as the unperturbed
theory and which one as the deformation. First, the chosen unperturbed theory
should be integrable, but even if both are, the order may change the results. As an

example, consider the 3-dimensional Cartan-Palatini and Yang-Mills actions

S3_p(e,w):/ e; NF' | SYM(w):/ F; A xF'
M M

In 3 dimensions, General Relativity has no local degrees of freedom, while Yang-Mills
has 1 x dim SO(3) =1 x 3 = 3. The sum of both actions

S(e,w) = / (e; + +Fi) A F |
M
yields the equations of motion

2D«F' +De' =0,
Fi=0,

which are trivially equivalent to

These are equivalent to the equations of General Relativity in 3 dimensions. Hence,
if we take as starting point the Cartan-Palatini action and treat the Yang-Mills
term as an interaction, the resulting theory has the same equations of motion and
degrees of freedom than the original one, namely, zero. On the other hand, if the
starting point is the Yang-Mills action and we add the Cartan-Palatini term as an
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interaction, the original action has 3 degrees of freedom wheras the deformed one

has none, hence, we do not have a consistent deformation.

We are now going to discuss the internal Abelianization strategy for some actions
that are relevant to study gravitational theories. Note that we are going to treat
them in a fully covariant way without turning to 3+1 decompositions or canonical
methods, since we will be able to give explicit solutions for the fields in the whole

spacetime manifold.

5.3.1 Chern-Simons

The internally Abelianized version of the Chern-Simons action (3.7) is

1 ) )
M

and its equations of motion are

dA'=0.

The solutions to these equations are easily obtained. They are
A =dft + N, ",

with f* € C*°(M) an arbitrary function, \’, € R and ®* € H},(M) representatives
of the first de Rham cohomology group. One would then like to obtain all the
possible interaction terms that can be added to this theory. This has already been

studied and the main results are summarised in the following theorem:

Theorem 10. [75, page 560, eq. (14.13)] The consistent deformations of Abelian
Chern-Simons actions are Chern-Simons actions based on arbitrary groups of the
same dimension.

It is perhaps more illustrative to particularize the discussion to the 3-dimensional
Cartan-Palatini action (3.11) which arises by choosing the group SO(1,2) in the
Chern-Simons action. Then, internally Abelianizing would mean replacing SO(1,2)
by the Abelian group U(1)3. In this case, the curvature F? reduces to dw’. The
resulting action reads

S (e, w) = 2/ e; ANdw' | (5.19)
M

whose Euler forms and field equations are simply

EY :=2dw' =0,
E%:=2de' =0 .
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As with the general Chern-Simons case, the equations have explicit solutions on an
arbitrary manifold M characterized by the representatives ®* of the equivalence
classes of the first de Rham cohomology group Hjs(M) of M:

e = dfi + N, 0",

_ - (5.21)
wZ — ng +Mla¢a ,

where f, g' € C®(M) are arbitrary functions and X’ , u’, € R. Note that this
fully parametrizes the space of solutions by 6 functions and 2n; real numbers where
ny = dim HY,(M). To separate the gauge degrees of freedom from the physical
ones, we must look at the presymplectic structure in the space of solutions of the
field equations [81]. The symplectic form in the covariant space is

Q= —/d|ei/\<|:||wi .
)
By pulling it back to the solution space defined by (5.21) one gets

QS:—/ (dd i, A ddg' + ddif, A dy, A @
>

+dX, AP Addg’ +d), AP Adyl, A <I>b>

- _ (/ O A (I)b) dX, Ady,,
>

since the rest of the terms are exact (the ®® are closed) and do not contribute to
the bulk of the integral. Note that the arbitrary functions f¢, ¢* do not play any role
in the presymplectic form, hence, they are gauge degrees of freedom of the U(1)°
gauge group. In fact, 2 does not depend on any field, hence the theory has no
local degrees of freedom. It has, nevertheless, 2n; global (or topological) degrees of
freedom described by X, ii’,.

The symmetries of the action (5.19) are

(Zoig)e - p = Lo, (Zdig)e, - p = Low"
(Zy)e-T =0, (Z3),-7 =dr,
(ZR)e- A =dX | (Zp)y,-A =0,
where Z%.; implements the diffeomorphisms and Z%,Z% correspond to the U(1)"
gauge group. Note that the latter can be easily read off from the expressions of the
solutions (5.21). The theory is irreducible, since \’, 7% are 0-forms. The generator
algebra is given by
[ZT-T,ZR'A] :0,
[ZR A, Zpig - P] =7Zr - Zpd)‘ )
[ZT'T,ZDiﬁ”'p] :ZT 'Zpd’T .
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Let us turn to its possible consistent deformations. According to Theorem 10,
they are all of the form

Sip = /M %(A, [A,A]), (5.22)

where now (-, -) and [, -] are an invariant metric and the Lie brackets of an arbitrary
6-dimensional Lie algebra. Not surprisingly, of particular relevance is the family of
algebras Aiso(2, 1) defined in (3.12) with the invariant metric (3.10). If A = 0, then
this algebra is just iso(2,1). For A > 0 it is isomorphic to so(3,1) and for A < 0 it
is isomorphic s0(2,2). By using the change of basis A = e;P" + w'J; (as discussed
in Section 3.2), it is possible to write (5.22) as

) ) A ) .
S;_P = / (eijkel Aw! AWk + —€je Nel A ek) )
M 3
Together with the original action the deformed action reads
Sap =2 / (e; AF" + Avole) (5.23)
M

which is the Cartan-Palatini action for 3-dimensional gravity with a cosmological
constant A term. Note that A can be made zero, positive or negative by choosing
the appropriate group.

A straightforward computation gives

dlSéS (Zg * Ea)

. . A -
:/ (dlp (eijkez A wl A wk + gEijkeZ A=A ek)
M

+2d (Eijkei N ijk) — GijkEgi A ijk + EijkEgi N eka

+d (Eijk)\i (wj VAN wk + )\ej A ek)) — )\iqjk (Egj VAN wk -+ /\Egj A ek) ) ~0.

Since all the bulk terms are proportional to the Euler forms, the deformation is
consistent. This is not surprising in hindsight, because the deformed action (5.23)
has no local degrees of freedom as in the case for its internally Abelianized version.
Hence, the deformation process did not change their number, as expected per the
features of a consistent deformation. According to (5.18), the symmetries of the

deformed action are given by

(Zoin)e - P = L€' , (Zow)e - p=Low'
(Zp)t -1 = —geijkeka , (Zp), -1 =drt+ chsij,@w%"g :
(Zr)e- A =dXN + g’ !N, (Zr), - A = g€ e\
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5.3.2 Husain-Kuchar

Since the internal group of the Husain-Kuchaf action (3.18) is SO(3), its internally

Abelianized version is

Sh(e,w) = / e Nel Adw” (5.24)
M

where w' is now a U(1)? connection.
The symmetries of S can be read directly from it. They are
(Zpig)e - P = Loe' . (Znig)e P = Low' (5.25a)
(Zg)e-T =0, (Zp), -7 =dr", (5.25b)
where p € X(M) is an arbitrary vector field in M and 7° € C>*(M). The symme-

tries involving p are the 4-diffeomorphisms of M, while those involving 7 generate

internal U(1)? rotations. The theory is irreducible. The algebra is
[ZR'T,ZR'T] :0,
Zoi - p, Zpigg - p] = 0,
[ZR'TazDiH'p] :ZR'ZpdT .

The Euler forms obtained by varying (5.24) are

EJ = —2¢ e/ Ndw" | (5.26a)
EY = —¢d(e/ ne") . (5.26b)

The presymplectic form in the covariant space is
Q= 2/ epde’ A el Adw .
b

Although it is not necessary for the upcoming discussion, one would like to have a
parametrization of the space of solutions of the internally Abelianized model. Even
though the equations are not as involved as the ones appearing in General Relativity,

to this date this solution is still unknown.
The deformation that one needs to add in order to recover the full action (3.18)
1s

SﬁK(e,w):/ eiNej Aw' Aw .
M

We now need to compute (5.18) in order to check the consistency of the defor-

mation. A direct computation gives
dSiix (Z2 - €) :/ (d (27'e; Aej Aw! +1, (€; Nej Aw' Aw))
M

)

(wj/\Eg’“Jrej/\Eg’“)) ~0.
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Hence, this deformation is consistent. We can now get the deformed symmetries by
using (5.18); they are

(Zpig)e - p = L€’ , (Zpw), - p=Lyw',
(Zp)l-T = —g&?ijijek , (Zp), T =dr'+ ge"jkijk.
5.3.3 Cartan-Palatini

The internal group of the (4-dimensional) Cartan-Palatini action (3.32) is SO(1, 3),
hence its internal Abelianization must be built with a U(1)% connection w’’. The

Abelianized action is
Sop (e, w) = / erxre’ Ael Adw™t (5.27)
M

and the Euler forms (5.1) are

0IJ __ 1J K L

Requiring that they vanish yields the equations of motion, which according to

Lemma 20 of Appendix B are equivalent to

de’ =0, (5.28a)
GIJKLd (eJ VAN LUKL) =0. (528b)

Equation (5.28a) is readily solved by
el =dn! + ¢l oMW" (5.29)

with b € C®(M), ', € R and M € Q'(M) representatives of the first de Rham
cohomology group.

Equation (5.28b) implies
ersre’ AWt =dg; +7,0?" = By,

with g; € C®(M), v;, € R and @ € Q%(M) representatives of the second de
Rham cohomology group. The solution is given by Lemma 18 and is

K A AL I A LK
WKL — 1 /BrAe” Ne” ol _ 1 w el (5.30)
2 volg 2 volg

In the simply connected case, the solution for the metric is

g =nrydh’ @ dh’ |
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which is, locally, the Minkowski metric. As in other more traditional perturbative
approaches, the leading term in the metric is Minkowski.

The presymplectic form in the covariant space is
QS = / GIJKL(E"GI A e‘] VAN dleL s
b
and its pullback to the solution space defined by (5.29) and (5.30) is

Q= (/ WA CID(2)b> dn! Adryp .
)

As 2 does not depend on any fields, the theory has no local degrees of freedom. At
this point, one should be suspicious that the deformation leading to the full action
might not be consistent since the local degrees of freedom change abruptly. In a
moment we will check this explicitly.

KL in terms of !, B!, it is easy to

find the gauge generators of the action by varying hf, B!

Since we already know the solutions for e!, w

AT =ar,

1 drl AwfQ nel Ae’
(Z%)i T = S€KLPQ ( e’

2 vole
1 dr AwP9nef nel’y
+§€KLPQ volg e,
(ZR)e - x =0,
(ZO)I~X:—1 dyx Nel Ae’ oK 1 dyg Nef nell ol
Rw 2 vole 2 vole

Note that the theory is first-order reducible, since the parameter yx = dvyg, for
vi € C°(M), makes the gauge generator Zg vanish.

The interaction term that we have to add to (5.28) to recover the full Cartan-
Palatini action (3.32) is

M

A direct computation gives
dSip(Z0 - e) (5.32)
:/ 2d (eryxrm’ (e Nw™ ) AW+ e Aw’ ) AW +xrAel Aw'))
M
— 2¢r5md (e‘] /\wKM A wMl 4 eM /\w‘]M /\wKL) +2xrANd (e‘] /\w]J) .

We wish to know whether (5.32) vanishes on-shell or not. This amounts to checking
whether the term d (e‘] A w! J) vanishes for all the solutions of the equations of
motion (5.28). Let us show that this is not the case by exhibiting a solution not
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satisfying this condition in the simply connected case. Consider an arbitrary function
hl € C>®(M) and set e! = dh!, w* = 0 and w” = €7, K°dh*. Indeed, this a solution
to the equations of motion: equation (5.28a) is identically satisfied, and for equation
(5.28b), by separating the cases of I = 0 and I = i, we have

cojrdh? A dw® = e;dh? A dh® A dh™ = 2dh,, AdR° AART =0,
eirxrdh’ A dw™ = eudh® A ¥ dR® A dR™ + 2€;;0dh A dw® =0 .

On the other hand, we evaluate d (e’ A w’;) and find

d(eJ/\wOJ) =0,

d(e’ Aw')) =dh Adw'; = —dh A€’ dh® AdR® £ 0 .
Since it does not vanish, the deformation (5.31) is not consistent. In hindsight,
this was expected, since the internally Abelianized theory has no local degrees of
freedom, while it is well known that General Relativity has 2. As a consequence,

although it is an integrable system, it is not possible to set a regular perturbative
scheme leading to General Relativity.

Although the most interesting possibility of recovering full GR as a consistent
deformation ultimately fails, it is worth exploring other consistent deformations. In
particular, let us deform the action by introducing a cosmological constant term.
The interaction in this case is

A
gy

It is straightforward to see that
dSi(Z0 - ) = d ée e’ Nef A et —érle‘]/\E0 ~0
A\ Ha - M 6 I1JKL 4 wry ] Vo

hence, it is indeed a consistent deformation. Notice that the last term implies a

deformation of the 7 symmetry by —g4 (t'e’ — r/e’).

5.3.4 Anti-self-dual action

The internal symmetry group of the anti-self-dual action (4.2) is SO(4), hence its
internal Abelianization is built with the group U(1)¢, yielding

Stsple, a,w) = / (68" N €T A dw® —2a A e A dw') | (5.33)
M

whose Euler forms (5.1) are

EY =2e; Adw'
Egi =-2 (eijkej A dwk +a N dwl) R
Egk =—-d (eijkei Ael —2a A ek) .
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The action (5.33) has the following gauge generators

(Z0) T =dr', (Z0).,'A=0 C (2’ o= Lo
(Zlg)ez T =0 (Z%)ez A =-Na+ EZAjkej)‘k ) (Zlgiff)eZ P = ﬁpei )
(Zgi)a T =0 (Z%)a ‘A = \e' ) (Zlgiff>a p =Ly,

where p € X(M) is an arbitrary vector field in M and 7%, A € C*°(M). Then, Z.;
generates the diffeomorphisms and Z3 and Z% generate the internal group U(1)°.
The theory is irreducible. The algebra they form is

[ZOTT>Z(F){)‘]:07
[Z(l]{')‘szDiﬁ'p] =0,
[ZQI"TazoDiff'p] :Z%'ZpdT;

while the rest of commutators are 0.

The deformation that we need to add to recover the whole action is
SiSD :/ (ei/\ej/\wi/\wj —eijka/\ei/\wj/\wk) )
M
Then, computing (5.18) directly gives

dlS/iSD (Zg . Ea) = / <2d (Ti (ei N ej A\ wj + 77718 AN ej A wk))
M

+ dog (ei/\ej/\wi/\wj—eijka/\ei/\wj/\wk)
—f—Ti (—eijkwj N Egk —e; N Eg + o /\Egz)) ~ 0 s

hence the deformation is consistent. Also, there is only one deformed symmetry

given by

(Z1)o' - T=dr' + geijkijk =Dr',
(Zr)e 7 = gria,

(ZP)a T = —gt'e; ,

while the Zpig and Zy transformations remain the same.

It is remarkable that the anti-self-dual action (4.2) can be obtained as the de-
formation of its internally Abelianized version, in contrast to the Cartan-Palatini
action (3.32), since they both yield General Relativity (though in the anti-self-dual
case it is its Euclildean version). This suggests the possibility of an action similar to
(4.2) that can be obtained as a deformation of its internally Abelianized version and
gives Lorentzian General Relativity. Notice that the same approach used to derive
the action (4.2) would not work in the Lorentzian case, since (anti)-self-dual con-
nections would be complex. Nevertheless, it is interesting to explore the possibility
of a complexified variational principle based on the Lorentizan anti-self-dual action,
which potentially could lead to a suitable perturbative scheme using the approach
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followed in this section. The main obstacle for this strategy is that the treatment
of complex variational principles is not well understood, as exemplified by the fact
that it is not clear how to consistently implement the so called reality conditions

1721, 152]-
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Chapter 6

Conclusions

This thesis has focused on two main problems. On the one hand, in Chapter 4, an
alternative action for the Euclidean version of anti-self-dual General Relativity has
been studied in detail, in particular, the GNH algorithm has been used to find its
Hamiltonian formulation. The studied action is the result of plugging the concrete
expression of anti-self-dual connections into the Cartan-Palatini action. In this
way, one obtains an action composed by two terms: the first describes the Husain-
Kuchar model while the second is linear in the 0-th element of the coframe e. A
problem we have faced is that the gauge group SO(4) is naturally split in two SO(3)
components, one of which is not so explicitly manifest in the sense that it is not
directly reflected by the internal indices of the fields used to write the action. It
appears then, that although one manages to split the symmetry in smaller groups,
which are easier to handle, their complexity still shows up somewhere else. The
solution for the Hamiltonian vector field (from which all the information can be
extracted) has been seen to depend on 10 arbitrary functions: these correspond to
the SO(4) and diffeomorphism symmetries.

On the other hand, in Chapter 5 a new perturbative scheme for field theories
has been proposed and its viability has been analysed in a variety of interesting
gravitational theories. The idea is to use internally Abelianized versions of the
theories as the starting point of a perturbative expansion, i.e., replacing the internal
symmetry group of the action by an Abelian group of the same dimension. In
terms of the Lie algebra, this has the effect of setting all the Lie brackets to 0,
which removes the quadratic terms in the connection from the action. This greatly
simplifies the resulting equations of motion and has allowed us to solve them directly
in the cases at hand without the need to resort to Hamiltonian methods.

A first requirement for the perturbative scheme to work is that the unperturbed
theory be integrable and the solution is expressible in a reasonable form in order
to serve as the starting point of the perturbative expansion. However, this is not
enough. An equally important condition is that the perturbation is a consistent
deformation of the base action (i.e., the deformation introduced to the action pre-
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serves the number of gauge symmetries, although their expressions may change).
This is equivalent to saying that the perturbation is regular rather than singular.
Indeed, for regular perturbations one can write an expansion in power series, while
for singular perturbations this is not possible. Note that in the singular case, per-
turbative schemes are still available, however they require different approaches that
may be difficult to find. Only when these two conditions hold it is reasonable to
pursue a perturbative theory along these lines. A particularly nice feature of the
method discussed in the thesis is that it does not need any auxiliary background
objects, which are fundamental in the traditional approach to perturbative gravity,
namely, the Minkowski metric. Also, each term of the perturbative expannsion of
the action is covariant, which may be beneficial since there is no breaking of the
diffeomorphism symmetry (which as mentioned before, might lead to unexpected
unpleasant effects). These two facts combined make this approach very reasonable
for a perturbative scheme for gravitational theories.

The consistent deformations method can be applied in a wide range of grav-
itational theories as shown in Chapter 5. Unfortunately, in the actions relevant
for General Relativity, namely Cartan-Palatini (and also the Holst action [2]) the
scheme does not work, since the resulting deformation is not consistent. This is due
to the fact that General Relativity has two local degrees of freedom, while its inter-
nally Abelianized version (also called the U(1)® model) is topological, i.e., it has no
local degrees of freedom. In this sense, the model for (anti-self-dual) Euclidean Gen-
eral Relativity presented in Chapter 4 is interesting, since it actually is a consistent
deformation of its internally Abelianized version, while Euclidean Cartan-Palatini is
not. This motivates the search of an action that yields Lorentzian General Relativity

and to which the consistent deformation procedure can be applied.

It is somewhat surprising that, given two different actions for the same physical
theory, one can be consistently deformed from its internal Abelianization while the
other can not. It is also very surprising that precisely the actions that yield the phys-
ically relevant gravitational theory are not consistent deformations of their internal
Abelianizations, while other simpler actions are. It would be worth investigating
if there is some physical property of a theory that determines whether this process
works or not. Obtaining such a characterization could open the possibility for new

actions admitting consistent deformations.

An also very interesting (but also very difficult) problem would be to find all the
possible consistent deformations of a given action. The appropriate context to deal
with this problem is cohomology and the use of the BRST symmetry. Then, the task
is equivalent to computing some cohomology groups (as in [75] for the Chern-Simons
case), which is in general hard to do.

Another possible future project could be to implement the perturbation scheme
for quantization. For a given theory, first one would need to quantize of its in-

ternally Abelianized version and then find a way to implement the quantization of
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the deformation perturbatively. Of particular interest would be the Chern-Simons
action (which might be the simplest of the studied in this thesis because of the low
dimensionality), since its quantization has already been done by Witten [33] in an-
other way. Similarly, the Husain-Kuchai model is also interesting because it yields
3-geometries and it is quantizable in the Loop Quantum Gravity scheme since the
difficult-to-quantize Hamiltonian constraint is not present. It could also be interest-
ing to analyze the quantum version of the U(1)? model, equipped with a well defined
set of observables, and study the implications it has for the full quantum General
Relativity.
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Appendix A

Some useful expressions for 3-+1
decompositions

We can decompose any tensor field with the help of the (1, 1)-tensor field
H = Id - dt ® 8t y

by contraction. Also, by extension, it is possible to decompose other types of dynam-
ical objects that act via pullbacks on tensors. As an example, consider a one-form «
pulled-back by a diffeomorphism ¢. Then, one can use the decomposition for vector
fields to write

9" a(X) = a(¢.X) = a(¢.(dt(X)0, + II(X))) = dt(X)e(.0;) + a(d.I1(X)) ,
hence
¢ o = a(p,0p)dt + ap.11) .

This allows us to decompose a wide variety of actions.

In the particular case (that will be the one of interest throughout the thesis) of
differential forms, one can adapt a p—form a € QP(M) to the foliation by defining

o =15, € XPTHM) | (A.1)
a :=Tl(a) =1y, (dt ANa) € QP(M) , (A.2)
We call a; and a the adapted components of o to the foliation. Note that although
(A.1) are fields on M, they have no component in d¢, making them adapted to the
foliation ;. Equivalently, if 3 is a form adapted to the foliation, 15,3 = 0. This also

means that when they act on vector fields X € X(M) on M, only the projection of
X onto the leaves of the foliation will survive.

We denote their pullbacks to X as

Qp 1= j:at c Qp_l<2) ,
o= jae0(s),
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where 7, : ¥ — M is the inclusion of each leaf ¥;.

It is also useful to introduce the operation d defined by
da =1y, (dt Nda)

whose application always yields an adapted form. This allows us to decompose the

exterior derivative as

da=dt A (Ly,a —doy) +da .

Some useful decompositions of other common objects are

De* = De* + dt A (Eatgk - Def + eklmAffgm) , (A.3)
Fi=DA'+dt A (EatAi — DA;) , (A.4)
FI7 = F! 1 dta (Eatg” — Dwt”) ) (A.5)
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Appendix B

Some algebraic equations involving
differential forms

B.1 Equations in 3-dimensional manifolds

Lemma 11. Let 3 be an orientable 3-dimensional manifold, o € Q' (X) and €' €

QLX) a nondegenerate coframe. Then,

1 Aet A el
o (_> (B.1)

56”"“ vol,
Proof. Write av = a;e?. By multiplying both sides by Ae? A e* we get
a e e = a;eFvol, .
Now, multiplying by €, one obtains
€1k N el A el = 2aqvol, .

Finally, relabelling, manipulating terms and multiplying by e’ we obtain

1 aNe'Nel\
a= €| ——)€".
o Uk vol,

Lemma 12. Let ¥ be an orientable 3-dimensional manifold, o € Q*(X) and €' €

OY(X) a nondegenerate coframe. Then,

1 NeYY
= €k (H> el Nek . (B.2)

O

vol,

Proof. Write the 2-form « in components in the triad basis o = «;je’ A ¢/, where

a;j € C*°(X) is antisymmetric in ij. Then, by multiplying by - A ¥, we get

a et = a;ie' Nel A ek = aijewkvole .

88



By multiplying by €g.,,-, this implies in terms of densities

a ek
€kim | ——— | = 20um
vol,

which directly implies the desired result. O]

Lemma 13. Let ¥ be an orientable 3-dimensional manifold. For given 3; € Q*(X)
and €' € Q' () a nondegenerate coframe, consider the following system of equations
in the unknowns o € Q'(X)

eijkej AN Ozk = Bz . (BS)

2 vol, vol,

Proof. Writing the 1-form o = of e™ in components, where o € C®(X), and

Then the solution is

multiplying the initial equation (B.3) by e!A one obtains
kol j m __
ep e Nel Ne™ =e A B; .

The top form e! A e/ A e™ can be written as €/™vol,, hence

l
e"N 6@ :
( — eijkeljmakm — 6liakk . Oél

vol,

i

In particular, for ¢ =1

which implies that

! 2 vol, ! vol,

Multiplying by e’ and relabelling the indices, one finally obtains the desired formula
(B.4). This proves that a solution to (B.3) has to be of the form (B.4), but there
might be additional constraints. To check this, one must insert the solution in the
original equation and see whether it is automatically satisfied.

! k
. . AN e* N
€ijke’ N ok = €ijk€’ N b ek — b e!
2 vol, vol,

Using (12), one can rewrite the second term as

k k
ev N . e® A 1 '
€ijk ( ﬂl) el Nel = €ijk < BZ) 56Wepﬂeq Ae"

vol, vol,

1 €k/\6k Gk/\ﬁi el A "
= — €. — € .
2\ " vol, kar \  vol,
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! k 2
, e AB\ . 1 " A By e’ NG
€€l Aok = e el A e — = e —€ _— ed Ne"
ik ik < 2 vol, > 2\ "\ vol, kar \  vol,

by use of (12) again. Since equation (B.3) is already recovered without requiring

additional conditions, the result is proved. O

Lemma 14. Let X be an orientable 3-dimensional manifold, ¢! € Q'(X) a non-
degenerate coframe, ® € Q*(X) and o/* € QY(X) antisymmetric in jk. Then, the

solution to the equation for af*
i N ok
€ijk€ ANal® = ,

18 given by

ot = ——

" 1 /DAel
2

) ek] +€jlelm€m 7

vol,

where (p,, € C™° are arbitrary functions such that (., = G-

Proof. Write a?% = €% (&, + Gun) €™ with &, antisymmetric and ¢, symmetric in
Im. By using this expression in the equation and multiplying by Ae? one obtains

DA = epe’ AN (& A+ Gm) €™ A € = €™ (€ 4 Cn) VO,
= (5mj5pk —6™0") e (& + Gm) Vol = 2eP™ (&, + i) VO,

= 2€plm§lmvo|e

By multiplying by €,qp, this implies in terms of densities

¢ 1 D A eP
ab = T €pa - )
by reb vol,

. 4 1 D AeP
Jjk _ gkl [ — Il
« € <4€plm ( VOle ) + Clm) €

hence

1 , D A eP
= 5 (5,04, = 57,6%,) < - ) e 4 G em
ok
_ 1 DA i _ AN eJ Mg, e
4\ vol, "
_ Loy b, om
2\ vol, "

Since there is no restriction on (j,,, it remains arbitrary. Plugging this expression in
the original equation one sees that it is automatically satisfied and, hence, no other
necessary conditions arise. O
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Lemma 15. Let 3 be an orientable 3-dimensional manifold, ¢! € Q' () a non-
degenerate coframe, o € Q1 (X), ®;; € Q*(X) antisymmetric inij. Then, the solution
to the equation for a

k
€ijk€ Na = (I)ij y

1 q)ij VAN €j
o= = e
2 vol,

Proof. Write ae = aye! and multiply the equation by Ae™. This yields

15 grven by

O, Ne" = eijkaleklmvole = (ozi(?;” — ozjélm) vol, .
By multiplying by ¢/, we obtain that
20éiVO|e = q)ij A €j >

and by rearranging and multiplying by e’ we obtain
1 q)ij VAN ej i
a=—-|———]¢".
2 vol,

Lemma 16. Let 3 be an orientable 3-dimensional manifold, ¢ € QY (X) a non-
degenerate coframe, o € QY(2), ' € Q*(X). Consider the equation for o

]

ale =,
The solution to the equation exists if, and only if, the condition
dlAe) =0,

18 satisfied, in which case it is given by

1 PAEN
oa=—¢€., | ———]e".
9 ik vol,

Proof. Write ae = o' and multiply the equation by Ae*. This yields
Pl A eF = ajejikvole .

Now multiplying by €, we get
20pvol, = €, P A ¥ ,

and by rearranging, multiplying by ¢' and relabelling we get

1 AT\
a=—¢, | ———]e".
o ik vol,
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To check whether there are additional necessary conditions, we plug this expression

into the original equation, to obtain
1 AN
—€. | —— )" Nel =P,
2 "k ( vol, )
The left hand side can be expanded into
1 DA 1 e*AeP A , 1 kpa DA\ ,
S\ oo ) 3\ T oo ) € ANef = 7 CiikCabe€ e’ Ne

vol, vol, vol,

1 PPN — DNl
= —€abe e Ne
4 vol,

while the right hand side can be written as

1 PP Ae\ .
—€gpe | ——— 1 e N e
2 vol,

Equating both sides leads to the necessary condition

(PP Ne? — D NeP) = PP Ne? |

N —

which can be written as
P A e =0 .
O]

Lemma 17. Let 3 be an orientable 3-dimensional manifold, ¢ € QY(X) a non-
degenerate coframe, o; € Q1(X), ® € Q*(X). Consider the equation for «;

aNet = .

Then, its solution s

1 NP\ ;
o= ——€;; e’ + (el
2 jk( vol, ) i

with arbitrary (;; € C®(X) symmetric in ij.

Proof. Write a; = (vij 4 (;) €7, where o is antisymmetric and ¢;; symmetric in 7j.
Then, the equation reads

D = (qj; + Gj) el ANe' = ajjel Ne'

and multiplying by AeF, this implies in terms of densities

k
ik (CID Ae )
Q€ = s
vol,

and by multiplying by €x,, and expanding one obtains

DN ek
200 = €kpg | —— | -

vol,

Since there is no equation for ¢;;, it remains arbitrary, and joining the pieces gives
the expected result. Plugging the solution in the original equation automatically
satisfies it, hence there are no additional necessary conditions. O]
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B.2 Equations in 4-dimensional manifolds

Lemma 18. Let M be a 4-dimensional parallelizable manifold and €' € QY(M) a
nondegenerate coframe. The solution to

J KL
erjkre” Na”” = dr

for a® € QY (M) antisymmetric in KL and ®; € Q*(M) is

aKL:_l Dy Nef nel el—l d;Nnel nelk ol |
2 vole 2 vole

Proof. Write aF' = o®%, M and multiply the equation by Aef A e® to obtain
(I)[ N eP VAN eQ = GIJKLCMKLMEJMPQvole .

Now, the contraction of two € yields

JMPQ __ MPQ
€IJKLE Q——51KL )

where 6%(PLQ is the generalised delta, which has the property that for a completely
antisymmetric tensor Thpg

Oricr Tarrq = Tixe -
Then,
drael ne? =2 (aPQI + oM 67 + aMPM(S?) vole . (B.5)

By multiplying by 65, we obtain the relation

1 (P Nel Ne? 10
- — =
4 vole I

Y

which we can introduce back in (B.5). By doing so we obtain

P M P
_1 O, Nel Ne@ :aPQ[_’_l Dy A eM A el 5?]'
2 vole 2 vole

Finally, reordering, multiplying by e’ and relabelling we obtain the claimed result.
O

Lemma 19. Let M be a 4-dimensional parallelizable manifold and €' € Q'(M) a

nondegenerate coframe. The solution to
cixre® Aot =y
for ¥ € QY(M) and ®7; € Q*(M) is

I 1((I)KJ/\GI/\GJ)eK_l((I)KL/\GK/\GL)eI

(8% = — -
volg vole

2 6
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Proof. By multiplying the equation by - Ae? Ae® and writing Z! = Z!,e’, we have

KMAB 7L A B

(I)[J N eA AN eB
By multiplying by 6402, equation (B.6) yields Z%, = —% (%ﬁ:“ﬂ), while by

multiplying by 6%, equation (B.6) yields

1 (I)BJ/\GA/\GJ
gA = 7K 64,
B 2< volg T KOs

Combining both results and multiplying by - A e?, one arrives at the desired result.
]

Lemma 20. Let M be a 4-dimensional parallelizable manifold and €' € Q'(M) a

nondegenerate coframe. The solution to
I J
erykre Na” =Pgy,

for a? € Q* (M) and Pk, € Q3 (M) is

1/® J 1/® M
of — L (SELNCTN (Kol L (QIMACT N el
2 vole 2 vole

Proof. Write a’ = o),y A eV. By using this in the equation and multiplying
by Nel we get

GIJKLCYJMNGI VAN eM A eN VAN eP = q)KL VAN eP y

which implies in terms of densities

(I)KL A eP
( vol = ergrre "ol =2 (7 07 + a0k + o) (B.7)
Now, by multiplying by é5 we obtain

1 (q)KL /\eL

AT J L _ o J
5 vol )_4aJK+aKJ+aKL_2aJK'
e

2

Using this expression in Equation (B.7) we get

1 [/ Dg A e 1/® M/\eM 1/® A eM

P L L P LM P
a Y et R B e I, Sy S, )
KL 2 ( vole ) 4 ( volg ) K 4 ( volg ) Lo

from which we recover

1 (®gp ANer 1 (@ NeM
aP:aPKLeK/\eL:— AL e Nel = M e nel.
2 vole 2 volg
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Lemma 21. Let M be a j-dimensional parallelizable manifold and €' € QY(M),
with i = 1,2, 3, be three linearly independent 1-forms and o' € QY (M) be another
three 1-forms. Then, the solution for o' of the equation

eijke] A Oék =0 s
18
a' =0.

Proof. Let us complete the e with a fourth 1-form e° linearly independent with e’
such that {e°, e’} is a coframe (and vol, = €;;,€’ A € A e A e” is a volume form).
Let U € X(M) be the vector field such that e’(U) =1 and €'(U) = 0.

Write o = aijej + a'ye’. Then, by plugging this expression into the equation

we get
€ijre N (aklel + akoeo) =0,
which by taking the interior product with U implies
eijkejako =0,

which leads to o, = 0.

On the other hand, multiply the equation by €® A €™ A - to obtain
0= el-jkeo Aem Ael A aklel = akleijkemﬂvole = (akkémi — ami) volg .

By taking the trace by multiplying by &¢,, we find that o, = 0, which in turn means
that a™; = 0. Hence, o’ = 0. O
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Appendix C

Analysis of the Husain action

The Husain action in a globally hyperbolic 3-dimensional manifold M = R x ¥ is

Stusain(€, W) = / w A dw + Ne; ADe' | (C.1)

M
where e’ € Q'(M) is a non-degenerate dyad, w € Q'(M) defines an SO(2) connec-
tion 1-form w'; := —€";w € Q' (M), where ¢;; is the volume form in SO(2) and the

covariant derivative is De! = de’ + wij Aed and X € R a real number. The action
(C.1) yields the equations of motion

De' =0,

A (C.2)
dw + 561']'61 ANel =0 .

Given a fixed volume form vol, define the vector density as an element of the

double dual
N - A eijei A ej
ut) = ( vol ) '

Then,

vol

‘ i A k
e — (M) _0. (C.3)

This vector field satisfies the particular relations, which can be found by using
(C.2) and (C.3),

Lye' =yde’ + dype’ = pde’ =1y (eijw A ej) = eij (ww) e,

A . .
Lyw = 1pdw + digw = 5w (eije’ A e]) +dwpyw =d (ww) .

If we think of the quantity Aij = —eiszw as a gauge parameter, then, Lie-dragging
the fields along the integral curves of U just has the effect of an SO(2) gauge
transformation

L€' = —Aijej ,
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Choosing a foliation M = R x X such that the pullback of €’ is non-degenerate
in ¥ and U is transverse to ¥, and by taking the pullback of the equations of motion
to X we obtain

de! =wne?,
de? = —wAel,

dw = —Xe! Ae? .

Those are Cartan’s structural equations for the surface ¥ [¢4]. In particular, the
last equation tells us that the Gaussian curvature of ¥ is constant K = A (hence,
constant scalar curvature R = 2)). As a consequence, since the direction along the
vector field U only has the effect of an internal rotation (gauge transformation), we
can interpret this model as describing surfaces modulo diffeomorphisms (known as
2-geometries) with constant Gaussian curvature.
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