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Abstract

The goal of this thesis is to study pseudo-orthogonal Yang-Mills actions and understand under
which conditions they contain the Hilbert-Einstein action free of instabilities. The physical
motivation is to construct a renormalizable theory of quantum gravity. We first provide the
mathematical background necessary to introduce gauge theories in curved spacetime and General
Relativity. Subsequently, we develop the concept of geometrical Yang-Mills theory, i.e. Yang-
Mills theories for which part of the gauge connection takes also the role of the cotetrad fields.
The resulting theory retains only a part of the original gauge group as its group of symmetry. We
show that for some pseudo-orthogonal groups one obtains the Hilbert action (and consequently
Einstein’s equations) as part of the theory. Then, specializing to a coordinate system, we derive
the Hamiltonian of such theories and we analyze the constraints that arise in phase space due
to the redundancy of the Yang-Mills Lagrangian. We study the class of such constraints and it
turns out that the theory possesses both first and second class constraints. Finally, we establish
the conditions under which the constraints are preserved by the evolution. The next steps — left
for future work — would include the study of dynamics, stability and symmetry breaking to the
theory that at low energies would be equivalent to Einstein’s general relativity.
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Introduction

The first gravitational theory saw the birth of Theoretical Physics, perhaps the last one one will
see its end. For more than a century, researchers from all over the world tried to properly quantize
the gravitational field. Up to now, no undoubtedly convincing solution to this problem has been
found. Starting from general relativity in 1915, the theory has been extended and generalized
in many different ways (see [1] for a review). Of these several theories, string theory is one of
the only examples for which Einstein’s field equations are obtained without adding by hand the
Hilbert action to the theory, or by introducing it as a counterterm as in some induced gravity
theories. The goal of this thesis is to show that there exists another class of theories obtained
by a suitable generalization of the well-known Yang-Mills theories that contains Einstein theory
in the torsionless low energy limit.

As the Standard Model should teach us, Fundamental Nature seems to be described (at least
at some scales) by gauge theories of the Yang-Mills type. These theories are proved to be renor-
malizable and thus it motivates us to look in this kind of theories for a possible solution to the
renormalizability problem of quantum gravity. Moreover, it is well-known that the renormaliza-
tion of flat spacetime theories generically induces higher order geometric scalar with respect to
the Ricci scalar present in the Hilbert action. Usually this terms provide instabilities of the Os-
trogradski kind[10], due to the presence in the action of quadratic second-order time derivatives
with respect to some components of the metric tensor. Since the Yang-Mills theory fundamen-
tally provides a theory of a field strength squared, it seems natural to use an appropriate gauge
group in order to reproduce at least these counterterms in a stable way. This is possible due to
the fact that a Yang-Mills theory is a first order formalism similar to the Palatini formalism in
GR (i.e. the variational principle of Hilbert action for which Christoffel symbols are considered
free and they are not the Levi-Civita connection|5]). Another reason why we think Yang-Mills
theories have a chance of explaining gravity is the geometrical structure that lies underneath
them. General relativity and Yang-Mills theories are two of the most important examples of
Differential Geometry in Theoretical Physics. We will then address the question whether one
can use the geometry of gauge theories to derive general relativity.

Guided by the results of 3], that shows linear GR as a spin-2 field theory, and 2], that explains
gravity as an effective field theory, we are inspired to use spin-1 Yang-Mills fields (which is known
that can be put in product to form the spin-2 rep) to describe a theory that reduces to GR in
some low-energy limit. It is worth noticing that it was proved by Edward Wltten[9] that one
can recover 241 dimensional general relativity from a Chern-Simons theory (i.e. a ”topological”
Yang-Mills theory), we will then attempt to define a fully ”geometrical” Yang-Mills theory to
obtain the same results in four spacetime dimensions.

Following the work by James T. Wheeler and Juan Trujillo[§], we studied the possibility of
obtaining a gravitational theory such as Weyl squared gravity from a Yang-Mills theory of the
conformal group. Soon we realized that, in order to twist the geometry of spacetime with the
geometrical structure of their gauge theory, we needed a way to define the metric tensor in a non-



trivial gauge theoretical way. We developed a new class of Yang-Mills theories, called geometrical
Yang-Mills theory. We will show that it’s possible to define a metric for spacetime using part
of the gauge fields as cotetrad fields. Pseudo-orthogonal groups will result as the best choice
for our gauge groups. In particular, de Sitter theory (SO(1,4)) will reduce, in its torsionless low
energy limit, to general relativity with the appearance of a gauge theoretical Planck mass and
cosmological constant.

The thesis is divided as follows. In Chapter [I| we introduce all the mathematical prelim-
inaries necessary to understand standard Yang-Mills theories in arbitrary pseudo-Riemannian
manifolds. If the reader is already familiar with these concepts we advise them to proceed di-
rectly to the second chapter and come back to the first only if needed. Chapter [2] focuses on a
general introduction to gravitational theories and GR. Introducing the tetrad fields, we will see
that Einstein’s theory already contains a gauge description with respect to local Lorentz trans-
formations. Some examples of generalization of Einstein’s theory will be provided to introduce
the renormalizability and instability issues and to make a connection with what will be found in
our theories. The main chapter, Chapter [3] is dedicated to the definition of geometrical Yang-
Mills theory showing the necessity of studying pseudo-orthogonal gauge groups. We will present
two theories which have connections with gravity. The most important is the de Sitter gauge
theory we’ve already mentioned. It’s the easiest consistent example of geometrical Yang-Mills
theory and contains the Ricci scalar as part of the action. The second example is the revised
Wheeler-Trujillo theory for the conformal group that motivated us in the first place. Finally,
in Chapter [4] we introduce an Hamiltonian formalisms for generic Yang-Mills theories in curved
dynamical spacetime. In particular we focus on the constraints of the theory establishing their
class and their self-consistency conditions. We conclude addressing the missing steps of a proper
instability analysis and giving some outlooks for the theories we developed.



Chapter 1

Mathematical introduction to
Yang-Mills theories

We will leave for granted the definition and basic applications of smooth mainfold, exterior or
Lie derivatives, tensors, and so on. We will start with a brief introduction on group theory. Then
we will explain the concepts of principal and vector bundles, with the related notions of connec-
tion (gauge field) and curvature (field strength). In the end we will explain the mathematical
background of gauge theories and we will introduce the Yang-Mills action. We advise the reader
without a proper differential geometry background to keep [4] or [6] as reference throughout
the following chapter. We personally suggest to use [4] and references therein for proofs of the
mathematical claims we will make. (Everything will be supposed to be smooth).

1.1 A rough introduction to group theory

Def 1.1.1 (Lie group). A set G, equipped with an operation g x h,g,h € G, is called a group if:
1Vg,heG,gxheGqG;
1 dle € G such thatexg=gxe=g,Yg € G;
1VgeG,3g ' € G such that gxg ' =g xg=e.

A group G is called a Lie group if the product

p:GxG—= G,
(9,h) = gxh,

and the inverse

1:G— G,
g9t
are smooth functions on G X G and G, respectively. This gives to G a manifold smooth structure.

In the following we will be considering matrix Lie group, i.e. G C GL(r), for some r. For
simplicity we will denote the group product as g x h = gh.



Def 1.1.2 (Lie algebra). Given a Lie group G, we define the Lie algebra of G, denoted by g, as:

g= {A € Mat,y, such that e? € G} ,

A_ A’IL
- n n! -

where e
Remark. Some properties of the Lie algebra:

o (eA)*l — A

e Given A,B € g,a0A+ BB € g,Va, 5 € R;

e Given g € G and A € g, we have gAg~" € g.

With this structure the Lie algebra is a vector space over R, the algebra structure is given by
the commutator:

[A,B]= AB — BA € g. (1.1)

Notice that the commutator is R-linear. Since the Lie algebra is a vector space, we can choose
a basis for it, say {Gq},_; ,,, where n is the dimensionality of g. We know that [G;,G;] € g,
so it can be expandend in the basis:

[Gian] = CiJkaa (12)

the elements of the basis are usually called generators of the Lie group G, while the ci;? are
called structure constants of the Lie algebra g. We will now give a classification of Lie algebras.
Consider subsets a,b C g. We introduce the notation [a,b] C g as the set of all finite sums of
elements of the form [X,Y], with X € aand Y € b.

Def 1.1.3 (Ideal). Let g be a Lie algebra. An ideal in g is a vector subspace a C g such that
[g,0a] C a.

Def 1.1.4 (Lie algebra classification). Let g be a Lie algebra.

1. The Lie algebra g is called simple if g is non-abelian and g has no non-trivial ideals (dif-
ferent from 0 and g).

2. The Lie algebra g is called semisimple if g has no non-zero abelian ideals.

Def 1.1.5 (Lie group representations). Let G be a Lie group and V a vector space. A represen-
tation of G on V is given by a smooth map:

p:G— GL(V),
such that (Yg,h € G):

1. p(gh) = p(g)p(h),
2. Pe = €qL(V);
here GL(V) is the general linear group of V.

Def 1.1.6 (Lie algebra representations). Let g be a Lie algebra and V' a vector space. Then a
representation of g on V is a Lie algebra homomorphism

¢:g—gl(V)=EndV)
(X, Y])=0d(X)od(Y) —9(Y)od(X) VXY €g.



In particular, there is one representation that will be extremely important for us. In the
following fix a Lie group G and its Lie algebra g.

Def 1.1.7 (Conjugation). For an element g € G we define the inner automorphism conjugation

to be:
cg=LsoRy:G— G,
1

T grg .
We indicate with (cg)4 : g — g its differential.

Theorem 1.1.8 (Adjoint representation of a Lie group). The map

Ad: G — GL(g),
g — Ad(g) = Ady = (cg),

is a Lie group homomorphism, i.e. a representation of the Lie group G on the vector space g,
called the adjoint representation of the Lie group G. In particular we have (X € g,g9 € G):

Ad,X = gXg .
Theorem 1.1.9 (Adjoint representation of a Lie algebra). The map
ad: g — End(g),

given by
ad = Ad,,

is a Lie algebra homomorphim, i.e. a representation of the Lie algebra g on itself, called the
adjoint representation of the Lie algebra g. The map satisfies the formula:

(ad)(X)(Y) = adxY = [X,Y] VX,Y €g.

Def 1.1.10 (Action of a Lie group on a manifold). Let G be a Lie group and M a smooth
manifold. We define the smooth right action of G on M to be:

R:MxG— M,
(z,9) = zg.
Keeping g € G fixed, we also define the right g-action to be:
Ry: M — M,
T — xg.

Def 1.1.11 (Fundamental vector field). Given A € g, R: M x G — M a right action and f a
function on M, we define:

Notice that X is a derivation (i.e. it obeys Leibniz rule and R-linearity), then it defines a vector
field on M. The vector field so defined (that we will keep denoted as X ) is the fundamental
vector field associated with X € g.



Considering M = G, it is well-known that there is a Lie algebra isomorphism:

ggTeGa
X & X,

—_~

where TG is the tangent space of G at the identity e, in particular we have [A, B] = [[L B} . This

means that T, G is spanned by the fundamental vector fields associated to the generators of G.
Let’s look at the cotangent space TG and choose the dual basis {Hi}izl _,, such that 0'(G;) = (52-.

Consider the exterior derivative (on G) of the dual form 6%

d6'(G;, Gy) = % (& (¢(G0) — G (0(G)) —0([G,. Gi])) =

1 i —_~—

= _50 ([ijGk]) =
1 %

=3 jlk(sl =

= —icjik,

where we used Eq.(1.2). Noticing c;j, = —c;; and applying duality, we find:
. 1 . .
do" = =567 A 0. (1.3)
These are the Cartan structure equations for a Lie group G.

Now we’ll state without proof an important theorem on the quotient space.

Theorem 1.1.12 (Manifold structure on G/H). Let G be a Lie group and H C G a closed
subgroup. Then G/H has a unique structure of a smooth manifold such that  : G — G/H is a
submersion.

1.2 Principal and vector bundles

In the following consider G to be a Lie group and M to be a fixed manifold.

Def 1.2.1 (Principal G-Bundle). A principal G-bundle is given by a manifold P (the total space)
equipped with the following:

1. a smooth right action Ry : P — P,g € G as defined in Subsection '
2. a smooth submersion w: P — M such that w(pg) = w(p),p € P;
3. m: P — M is locally trivial, ¢.e
Ya € M,3U C M (open neighborhood of x)| 7~ (U) G_eqqgmﬂmnt UxQ@G.
The trivial bundle is m: M x G — M.

It follows from Theorem [1.1.12|that 7 : G — G/H has the structure of a principal H-bundle.
Analogously we define a vector bundle in the following way.



Def 1.2.2 (Vector Bundles). A R-vector bundle (or for a generic field K) of rank r over M is
given by a smooth manifold E (the total space) equipped with the following:

1. a smooth surjective map w: E — M;
2. Yz € M (the fiber at x) E, == 1~ (z) =2 R";
3. Vr e M,3U C M,x € U, such that 7=*(U) 2 U x R".
The trivial bundle is m: M XV — M, where V is an r-dimensional vector space.

Def 1.2.3 (Section). Let m: P — M be a principal G-bundle. A section is given by a smooth
map s: M — P such that mos = idy;. A local section is defined on an open subset U C M. We
will denote the space of sections as T'(M; P).

Let m: E— M be a vector bundle. A section is given by a smooth map s : M — E such that
mos =idy. A local section is defined on an open subset U C M. We will denote the space of
sections as I'(M; E).

Def 1.2.4 (Local frame). Let w : E — M be a vector bundle of rank r. A local frame is
given by r sections {e;},_, . defined over some U C M such that {e;} » forms a basis for
E,, Vx e U. A frame induces a diffeomorphism:

i=1,...

EU)=7"YU)=UxR".

Notice that there is no concept of frame for principal bundles. This reflects the property that
the structure group G acts transitively on the fiber. Thus, once we have a section s(x) =p € P,
we can use it to induce a diffeomorphism as follows.

¢:PU)SUxG,
s(x) = (z,¢),
p=s(z)g— (z,9), p€ P,g€q.

Def 1.2.5 (Associated vector bundle). Let w : P — M be a principal G-bundle and (p,V) a
representation of G. The vector bundle associated to V is given by:

EP;V)=Px,V:=(PxV)/G— M,
where the quotient is taken as:

(p,v) ~ (P',v') < (p,v) = (pg, p(g~ " )v),p € Pv eV, g €G.

Proposition 1.2.6 (Local sections of associated vector bundles). Let w: P — M be a principal
G-bundle and E = P x,V an associated vector bundles. Let s : U — P be a local section for P.
Then there is a 1-to-1 relation between smooth sections 7 : U — E and smooth maps f : U — V,
given by:

7(x) = [s(x), f(x)], Yz eU.

In particular, there is an associated vector bundle which will be important in the following.
This is the case when V = g and p(g)X = g~ ' Xg, i.e. p is the adjoint representation of G. This
bundle is called the adjoint bundle and it is indicated as Ad(P) := E(P, g).

Def 1.2.7 (Basic differential forms). Let 7 : P — M be a principal G-bundle, E(P; V') the vector
bundle associated with the representation p andV := P XV, i.e. a trivial vector bundle over P
with fiber V. A differential form o € QF(P;V) = QF(P) ® V is basic if:

10



* —1 .
1. Rya=p(9~ "), Vg € G;

2. a(X)=0,¥YX €g.

Remark. Let m: P — M be a principal G-bundle and p a rep of G on V. Then the pull-back
(7*) of differential forms induces an isomorphism:

OF(M; E(P; V) = Qf . (P;V).

Def 1.2.8 (Horizontal distribution). Let 7 : P — M be a principal G-bundle. A vector subbundle
H C TP is called a distribution, here T'P is the Tangent Bundle of P. If the map Tpm : Hp —
TrpyM is an isomorphism for every p € P, then H is called an horizontal distribution.

Def 1.2.9 (Connection on principal G-bundles). Let w : P — M be a principal G-bundle. A
connection on P is a horizontal distribution H that is G-equivariant, i.e.

Hpg = TpRg(Hp)7

where T, Ry is the tangent map induced by the right action.
Equivalently, let 1 : P — M be a principal G-bundle. A connection on P is given by a
g-valued 1-form w € QY (P, g) such that:

1. Rjw = Ady—(w), for all g € G;

2. w(X)=X, forall X € g,

where Ady—1 denotes the adjoint action of G on g.
The two definitions are related as follows:

Ker(w), = Hp.

Def 1.2.10 (Connection on vector bundles). Let w: E — M be a vector bundle. A connection
s a bilinear map:

V : X(M) x I'(M; E) — T'(M; E),
(X,s)— Vx(s), X € X(M),s € T(M; E),
such that (Vf € C®(M)):
1. Vyx(s) = fVx(s);
2. Vx(fs) = [Vx(s) + X(f)s.

In physics literature one usually finds covariant derivative instead of connection.

Notice that the connection 1-form of a principal bundle is not basic. However it is straight-
forward to see that the difference between two connection one forms (w and w’) is a basic 1-form
(then, it’s isomorphic to a form living on the base manifold). Analogously, the connection V of
a vector bundle doesn’t define a 1-form, but the difference between two V,V’ does.

Def 1.2.11 (Curvature on principal bundles). Let 7 : P — M be a principal G-bundle with
connection 1-form w € QY(P;g). The curvature F of a connection w is defined as:

Qw) := dw + % [w,w] € Q*(P;g).

11



Remark. The curvature Q(w) is a basic form, i.e. Q(w) € Q%asic(P;g) =~ ()2(M; Ad(P)).

Since Q defines a 2-form with values in Ad(P), it seems reasoning to see what connection V%
is induced on Ad(P) by w on P. Consider 7 : P — M a principal G-bundle and E = P X,V the
vector bundle associated to the rep (p, V). Notice that we have already shown, Def that
basic forms on P are isomorphic to F-valued differential forms. For O-forms this implies:

D(M,E)={f:P =V, flpg) =g~ " f(p),VgeG}. (1.4)

Moreover, the representation p : G — GL(V') induces a morphism of Lie algebras p : g — End(V)

(i.e. the tangent map of p):
d

pX) =2 p(et)

Def 1.2.12 (Connection on associated vector bundle). We define the connection on E = P X,V
to be:
Ve Ql?asic(P; V) — ‘Ql}asic<P; V)’
VE(f) =df + pw)f,
V& () = X(f) + plw(X))f.

In particular, for Ad(P), we have p(X)Y = [X,Y], X,Y € g. Then the induced connection
on Ad(P) is given by:

Theorem 1.2.13 (Bianchi identity for principal bundles). Let w : P — M be a principal G-
bundle with connection w. Then

W) = dQw) + [, Qw)] = 0.

As it can be easily proved using the definition Def]1.2.11] Indeed we find ({e;}, basis for g,
w € 2(P), O € 22(P)):

VYQ(w) =d <dw + %wi Aw? @ [eg, ej]> + [w, Qw)] =

1 , . , , )
2 (dw' AW @ [eq, e5] —w' A dw? @ [es, e5]) + (0

+ W A dwd @ [es, 4] + Wt Aw Aw™ @ e, e, em]] = 0,
where we used the Jacobi identity to kill the last term. Notice that we proved it using only

algebraic relations and the definition of the curvature. This implies that the Bianchi identities
are algebraic relations and they do not depend on the geometrical structure.

Def 1.2.14 (Curvature on vector bundles). Let w: E — M be a vector bundle with connection
V. The curvature F(V) : X(M) x X(M) x T'(M; E) — I'(M; E) is defined as:

F(V)(X,Y)(s) = (VxVy = VyVx = Vixy)) (s), X,Y € X(M),s € (M;E).

Remark. The curvature F (V) is clearly antisymmetric in the vector entries and it can be easily
checked that it is C°°(M)-linear in all entries and fiber preserving (i.e. it sends sections to
sections).

= F(V) € 2*(M; End(E)),

12



where End(E) denotes the vector bundle w : End(E) = |J End(E;) — M, End(E,) denotes the
zeM
endomorphism vector space of the fiber at x € M.

Def 1.2.15 (Exterior covariant derivative for vector bundles). Let w : E — M be a vector
bundle with connection V. The exterior covariant derivative dy : 2%(M; E) — QF1(M; E) is
the unique extension of V : T'(M; E) — QY(M; E) to higher degrees satisfying

dy(YAw) =dyAw+ (=1)fy Ady(w), ve NF(M),we Q(M;E).

More concretely we have (o € QF(M; E)):

P

dya(Xp,... Xi) =3~ (-1)'Vx, (a(Xo,...,Xi, ...,Xk))

=0
+ Z(—l)iJrja([Xi, X]] ,Xo, ceey Xi, ceey Xj, ceey Xk),
i<j
where the hat on vectors means that they have been removed from there.
Remark. d%(s) = (dy ody) (s) = F(V)(s).

Since the curvature takes value in the End(E)-bundle, it is interesting to see which connection
vEnd on End(E) is induced by V on E.

Def 1.2.16 (Connection on the End(F)-bundle). We define the connection on End(E) to be:

VEE) (1)(5) := V(f(5) - F(V(s)), VseT(M,E).

From this connection we can build the exterior covariant derivative dysnasy on End(E) as

in Def.(T.2.15).

Theorem 1.2.17 (Bianchi identity for vector bundles). Let 7 : E — M be a vector bundle with
connection V. Then
dysnam (F(V)) =0.

Now we will present the local description of connection and curvature. Let m : P — M be
a principal G-bundle and consider U,V C M, together with the isomorphisms ¢y : 7= 1(U) —
Ux G and ¢y : 7 (V) = V x G such that UNV # (. Then we have the following situation in
the overlap:

T UNV) LS UMY %G,
T UNV) S UNV %G,

= ¢uogy :UNV xG—-UNV xG,
ou o ¢y (x,9) = (z, gduv (x)),

where ¢pyy : UNV — G. Functions constructed as ¢y are called transition functions and,
together with their domain of definition, they define uniquely the bundle. We will call the set of
domains and transition functions {Us, ¢as},, 5 a trivializing cover of the principal bundle.

13



The same conclusion holds for vector bundles. In this case in the overlap we have:

T UNV) S UNY xR,

N UNV) S UNY xR,
=¢rody, :UNV R =UNV xR",
du 0 ¢y (2,0) = (, puv (x)v),

where ¢pyy : UNV — GL(r,R).

Let m: P — M be a principal G-bundle equipped with a connection w € 2'(P;g) and fix a
trivializing cover for P. On any U, in the covering we have a local section s, : U, — P |Ua and
we can use it to pull-back w. We then define the local connection 1-form as:

Wo = 5w € N Uy 9). (1.7)

Moreover, if we give a chart to the base manifold, {x“}#, and a basis to the Lie algebra g, {e.},,
we can write:

Wayu = Wa(Oy), (1.8)
W = Zwé‘a)#ea. (1.9)

Once again, consider U, N Ug # 0, then we have:

Sa = 36¢a6 (1.10)
and for the local connection 1-form we find the following transformation:
W = by pWadap + by 5ddas (1.11)

Let m : E — M be a vector bundle with connection V and fix a trivializing cover as before.

On any U, in the covering we have a local frame {e;}; that gives an isomorphism 7= (U, ) o
Uy, x R". On U, x R" the standard exterior derivative defines a connection, as can be easily
verified. However we have also the V-induced connection by ¢,. Since the difference between
two connections is a 1-form, we define the local connection 1-form as:

V|, =d+ A, As € Q' (Ua, Mat, ., (R)) (1.12)
and we find the transformation rule:
Ap = 93 Aubap + bopddas. (1.13)

Moreover, if we give a chart to the base manifold, {:c“}u, and a local frame to E, {e;},, we can
write (s € (M E), s =, si€;):

A, = Ay (), (1.14)
A,(s) = ZsiAM(ei) = Zsi (A, €5 (1.15)

From Def.(|1.2.11)) and Eq.(1.7)) it is easy to see that the local expression for the curvature of
a principal G-bundle is:

Q= dwo + % Wa,wa] = s5Q(w) (1.16)
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and we have the transformation rule:
Q, = Ad¢>;g (Qp). (1.17)

Notice that Ad o) are the transition functions of the adjoint bundle Ad(P).

For vector bundles we know that d%(s) = F(V)(s), for all s € I'(M; E). Since in a local
trivialization (one of the U, in the cover) we have dy = d + A,, the local expression for the
curvature of a vector bundle is:

Fo=dA, + A NA,, (1.18)

with transformation rule:
Fs :¢;éFa¢aﬁ‘ (119)

We will now introduce the concept of metric for vector bundles. It will give us an essential
tool to write scalar actions out of our curvatures.

Def 1.2.18 (Bundle metric on vector bundles). Let E — M be a K-vector bundle over M. A
(Euclidean, K =R, or Hermitian K = C) bundle metric is a metric on each fibre E, that varies
smoothly with x € M. Namely, it is a section:

() eT(E*®E*) (K=R),
() eT(E"®E") (K=C),

which defines in each point x € M a non-degenerate symmetric or Hermitian form:
(v), Bz x By = K.

Def 1.2.19 (Metric compatible connection). Let E be a vector bundle equipped with the bundle
metric g. Let V be a connection on E. V is said to be metric compatible if and only if (X,Y €
D(M;E)):

dg(X,Y)=¢g(VX,Y)+ g(X,VY).

As we have already mentioned, the adjoint bundle is the vector bundle we will be studying
the most throughout this thesis. We will then give it an important bundle metric. Recall that
the the adjoint bundle is a vector bundle of a Lie algebra on which we have the adjoint action of
its Lie group. We will then look for a metric which is invariant under the group action.

Def 1.2.20 (Killing form). Let g be a Lie algebra over K. The Killing form By on g is defined

by:
By:gxg—K,

(X,Y) — tr(adx o ady),

where, given f a linear endomorphism in a vector space V' with basis {v;},, we define the
matrix f;; as:

flv;) = Z fijuvi (1.20)

and the trace as:

tr(f) =D fi (1.21)

and it doesn’t depend on the choice of the basis. One can prove that the Killing form defines a
K-bilinear and symmetric form on g.
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Theorem 1.2.21 (Invariance of Killing form under automorphisms). Let o : g — g be a Lie
algebra automorphism of g. Then the Killing form By satisfies:

Bg(0X,0Y) = Byg(X,Y) VX,Y €g.
In particular this holds for o = Ady, with g € G arbitrary.

Theorem 1.2.22 (Cartan’s criterion for semisimplicity). A Lie algebra g is semisimple if and
only if the Killing form By is non-degenerate.

Which shows that for semisimple Lie algebras we can use the Killing form as an adjoint
invariant metric on each fiber of the adjoint-bundle. Extending it smoothly we get an invariant
bundle metric (-,-) ,4. Since pseudo-orthogonal algebras are simple Lie algebra, we will use the
Killing form to generate our bundle metric as explained above. Given a local frame for the
adjoint bundle {e;},, we introduce the following notation:

Gij = <ei76j>Ad = C“mcjnl“ (122)
where we used Def[I.2.20] Given two sections of the adjoint bundle F' and H, we can then write:
(F,H) g = F'G (ej, ;) g = F'H'Gy;. (1.23)

1.3 Gauge theories

Throughout the following fix a principal G-bundle and an associated vector bundle £ = P x, V.

Def 1.3.1 (Gauge). A global gauge is a global section s : M — P, a local gauge is a local section
s:U—P.

Def 1.3.2 (Mathematical gauge transformation (Bundle Automorphism)). A gauge transforma-
tion is given by a fiber-preserving G-equivariant diffeomorphism f : P — P (a bundle automor-

phism of P), i.e.
1. mof=m,

2. f(pg) = f(p)g, Vpe PVgeG.

The set of all such trasformation is called the automorphism group or the gauge group of
P and it is indicated as G(P) or Aut(P). Usually, in Physics literature, the term gauge group
is used to indicate the structure group G. There’s in an intimate connection between the two
formalism that we will explain in the following.

Def 1.3.3 (G-valued maps on P).
CX(P,G)% :={0: P = Glo(pg) = g 'o(p)g} -
This set is a group with pointwise multiplication.

Proposition 1.3.4 (Correspondence between bundle automorphism and G-valued maps). The
map

G(P) — C=(P,G)“,
f — of,

with oy defined by:
f(p) = pos(p),
s a group tsomorphism.
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Def 1.3.5 (Physical gauge transformation). A physical gauge transformation is a smooth map
7:U — G, U C M. The set of all physical gauge transformations forms a group C=(U,G)
under pointwise multiplication.

A rigid physical transformation is a constant map 7 : U — G. Again this set has a group
structure and it is isomorphic to G

Proposition 1.3.6 (Physical vs Mathematical gauge transformations). Let s : U — P be a local
section. Then s defines a group isomorphism

C>(Py,G)¢ — C=(U,G),
O Ty =005,
where the inverse is given by:

C*(U,G) = C*(Py,G)°,

T 0,

where
or(s(x)g) = gilT(x)g, VexeUVgeQaG.

Then, after we have chosen a section, i.e. a local trivialization for P, we can identify mathe-
matical and physical gauge transformations.

Theorem 1.3.7 (Action of mathematical gauge transformations on associated bundles). The
group of mathematical gauge transformations of the principal bundle acts on the associated vector
bundle through bundle isomorphisms via

G(P)x E — E,
(filp,v]) = f - Ip, 0] = [F(p),v] = [p- o5 (p), v].

Theorem 1.3.8 (Action of physical gauge transformations on associated bundles). Let s: U —
P be a local gauge and ® : U — E a local section. Following Prop. we can write:

O(z) = [s(x),¢p(x)], Yz el, ¢:U—-V.

Suppose f is a local mathematical gauge transformation and 74 : U — G the corresponding

physical transformation (as in Prop. ).
= (- @)(z) = [s(x). p~ (77(2))p()] -

In the context of gauge theories, we will call the wy, introduced in Eq.(1.8)), the (local) gauge
fields. We have already shown (Eq.(1.11])) how the gauge fields change after a change of gauge
(i.e. a change of local section).

Theorem 1.3.9 (Transformation of connections under mathematical gauge transformations).
Suppose that f € G(P) is a global mathematical gauge transformation. Then f*w is a connection
1-form on P and:

ffw= Ada;l ow+ oG,

where pg is the Maurer-Cartan 1-form defined as: ,uG|g =g 'dg.

Remark. f*Qw) = Adof—IQ(OJ).

17



In order to build the Yang-Mills action for a gauge theory we need more structure on the
base manifold. Throughout the following we will consider M to be an n-dimensional, oriented,
pseudo-Riemaniann manifold (M, g), where ¢ is the pseudo-Riemaniann metric.

Def 1.3.10 (Canonical volume form on (M, g)). Let {e;}
basis of T,M. Then the volume form is defined as:

i—0.. n_1 be an oriented, orthonormal

dvoly (eq, ...,en—1) = +1.

If {a"}, 0. n_1 18 alocal chart on M, we have:

dvol, = /|gldz® A ... A dx™ 1,
where g is the determinant of the matrix whose entries are:

uv = g(am 81/)

Def 1.3.11 (Scalar product of forms). Given w,n € 2%(M) we define the scalar product on
k-forms (in local coordinates) as:

() QM(M) x QM(M) — C%(M),

125 IRRRY 27—
@, = Y Wy =
p1<...<pp

1

H1---Hi

1
— Hi---Hk
- k'wul...ukn 9

where again wy, ., =W (Opy, s Oy ).
Remark. This definition is independent of the choice of the local chart.

Both the component notation and the Einstein summation convention (as in the last step of
the previous equality) will be considered understood unless stated otherwise.

Def 1.3.12 (Hodge star operator). The Hodge star operator,
w0 Q8 (M) — " F(M),

is the linear map defined by:
(w,m) dvoly = w A *n.

Remark. 1. In local coordinates we have: (6]

*(datt Ao ANdatR) = (n'_|gk|)'g”1“1...g”’““k vt vy ..ondTFHE N LA dT

where € is the total antisymmetric symbol such that €y, n—1 = +1;
2. x1 = dvoly;

3. If the signature of g is (s,t), we have ¥*w = (—1)'w.
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Def 1.3.13 (L2-scalar product of forms). Given w,n € 28(M) we define the L?-scalar product
on k-forms as:

()2t 2F(M) x QF(M) — R,
(w,n)p2 = /M (w, m) dvoly.

Analogously, for twisted forms w € 2%(M; E), E a vector bundle over (M, g), we have the
following generalization. Fix a local frame {e;} . for E, let F,G € QF(M; E) and expand:

i=1,...,

in:FZ-@)ei, G:iGj®ej.
=1 j=1

Then we define:
L (F,G)g = >, ; (Fi,Gj) (e, ej) g, where (-,-) p denotes the scalar product induced by the
metric chosen on F;
2. xF =3, (xF;) ® e;;
3. (F,G)p 12 = [y F' NG (eis ) .

Consider the curvature (w) of P. We have then that it defines a twisted 2-form Q(w)y €
2?(M,Ad(P)). We give to Ad(P) the same scalar product as in Eq.(1.22).

Remark. This scalar product is Ad-invariant so that the scalar product of twisted forms it
induces is Ad-invariant as well

Def 1.3.14 (Covariant codifferential). We define the covariant codifferential d& to be:
ds : QY (M, E) — QF(M, E),
Ao = (1) dg x
Theorem 1.3.15 (The covariant codifferential on twisted forms is formal adjoint of covariant
differential). Let M be a manifold. The covariant codifferential d5 is the formal adjoint of
the exterior covariant differential dv with respect to the L*-scalar product (provided that V is
compatible with the scalar product on E) on forms with compact support x such that xNOM =0,
i.€.
<deﬁn>E,L2 = <w>d*v77>E,L2 )
for allw € QF(M, E), n € Q¥ (M, E) with support as explained above.

Consider the adjoint bundle. The covariant derivative is given by dy = d + [w, —] and the
inner product is given by G;; as in Eq.(1.22]). Let {e;}, be a local frame for Ad-bundle. The
condition for dy to be compatible with the inner product is given by (compare with Def]1.2.19):

(Vei, ej>Ad + (e, Vej>Ad = (de;, ej>Ad + <ei7dej>Ad + (ex, ej>Ad wlclik + wlcljk (es, ek)Ad =

=d (<€i, ej>Ad> + W [Gikcljk + ijcli k] ,
(1.24)
which shows that the covariant derivative is compatible with the metric if and only if:

cij + ciji = 0, (1.25)

where we raise and lower Lie algebra index with the Ad-invariant metric tensor G;.

19



Def 1.3.16 (Yang-Mills action). We define the Yang-Mills action as (o € R):

Symlw] = o (Qw), Qw)) gdpy 12

—a/ O (w) A QI (w) Gy

Remark. The Yang-Mills action is invariant under the gauge group G(P).

The equations of motion for a Yang-Mills theory are obtained by taking the functional vari-
ation of the action with respect to the connection w. Notice first that since Q(w) = dw + 3 [w,w]
we immediately have:

w— w+ ow Qw) — Qw) + dy,dw. (1.26)
The variation of the action in Def[I.3.16] yelds:
Sy mlw + 0w] = (@ + 02, Q@+ 0Q) A g p) 12 =
= SY]\/[[‘U] +2 <dw6w7Q>Ad(p)7L2 = (127)
= SYM[LU] +2 <5w, dZ)Q>Ad(P) 12

and the equations of motion are:
;= 0. (1.28)
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Chapter 2

General relativity and extensions

In this chapter we are going to study the relevant properties of gravitational theories. The
first part is dedicated to an introduction to general relativity both in standard coordinate basis
notation and in tetrad formalism. The latter will be well-suited to the introduction of a Lorentz
gauge symmetry in the theory. In the second part we will consider and motivate generalizations
of Einstein’s theory. In the end, we will provide a prove of Ostrogradsky theorem showing how
these generalizations lead to classical instabilities if one treats them naively.

2.1 Standard formulation of GR

In this section we are going to introduce the basic concepts needed to construct the Einstein-
Hilbert action for General Relativity. This theory is based on two assumptions:

e (General covariance) The laws of physics are the same in all reference frames (for all
observers);

e (Equivalence principles) In an arbitrary gravitational field no local experiment can distin-
guish a freely falling nonrotating system (local inertial system) from a uniformly moving
system in the absence of a gravitational field.

They imply:
e Physical laws must be written in a coordinate-free fashion;

e For any point x in our configuration space M (a topological set) there exist an open neigh-
borhood U C M (this is why we need a topology on M), such that U is diffeomorphic
(because dynamics requires derivatives) to R~ equipped with the canonical Minkowski
metric 7 (this is the mathematical definition of absence of a gravitational field) and orien-
tation. Notice that this gives to M the structure of a pseudo-Riemannian manifold.

Einstein gravity is then a geometric theory based on the tangent bundle (here is where the
metric is defined) of some manifold. We will present both the standard formalism and the tetrad
notation. Throughout this section we will fix an oriented, n-dimensional, pseudo-Riemaniann
manifold (M, g) with Lorentzian signature. This manifold will be called spacetime.
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2.1.1 Standard formulation

The tangent bundle T'M is a vector bundle 7 : TM — M, with 7= !(z) = T, M, x € M. In order
to take derivative of sections of TM, i.e. vector fields on M (such as 4-velocities), we need to
choose a connection.

o
Def 2.1.1 (Levi-Civita connection). The Levi-Civita connection is the unique connection V on
TM that satisfies:

dg(X,Y) = g(%X7 Y)+9(X, %Y)7 VXY € X(M) (metric compatibility);
T(%)(X, Y)= %XY — %yX - [X,)Y]=0VX,Y € X(M) (torsion-free).
Here we introduced the torsion associated to a connection on the tangent bundle, i.e.
T(V): X(M) x X(M) — X(M), (2.1)
T(V)(X,Y)=VxY -VyX - [X|Y].

As in Eq.(1.14) we can write in local coordinates:
V(X)=dX +T(X%,) = [an + Xﬂ(r)aﬁ] Cars (2.3)
Vu(X) =0, X%+ X (Fﬂ)aﬁ] €a (2.4)

where

2 « g 1 «
(L) =15 = 59 ° (0,955 + 095, — Osgpup) (2.5)

are called the Christoffel symbols. Notice that

(o)

G+€a = Vgen, (2.6)

where Vg = V.
The curvature associated with the Levi-Civita connection is called the Riemann curvature,
R, and is given by, in local coordinates:

R=dl +TAT, (2.7)
(R)% = (dI')% + (I')%, A ()75, (2.8)
(R(D,0,))% = 8%, — 9,T%, + T T7 —T% T — RO, . (2.9)

The symbols R% , are the components of the Riemann curvature tensor.
From the Riemann curvature tensor we get:

o o
e (Ricci tensor) R, = R%,,,;

e (Ricci scalar) R := RF, = g" R,

With the Ricci scalar we can define the Einstein-Hilbert action:
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Def 2.1.2 (Einstein-Hilbert action). The Einstein-Hilbert action is given by:
Serlg] = a/ xR = oz/ Rdvol, = a/ d"z+\/|g|R,
M M M

where « is a constant and we used d"x\/|g| = \/|gldz® A ... A dz" 1.

The equations of motion obtained with the variational principle are the well-known vacuum

Einstein’s equations:
1
Rop — iga/gR =0. (2.10)

2.1.2 Tetrad formulation of GR

We have seen in Subsection that, given a point x € M, we can always find U C M, open
neighborhood of z, such that: T'M |U =~ M x R™. Notice though that T'M is not an arbitrary
vector bundle over M. Indeed, once we have a local chart (¢,U) for M, this induces a local
frame for TM (which is the tangent map of ¢), i.e.

¢:U — RVL (2.11)

x — ot (x); (2.12)

¢:TM| —UxTR'"™ 1 =U xRV (2.13)
U

Y, > (2, Y*(2)0,). (2.14)

This means that we can choose simultaneously coordinates on M and a frame on T'M, from now
on we will consider this correspondence understood and we will just say coordinates for both M
and T'M. Notice that if we use the notation {«/'} = {z"} _, ,_, for the local chart, then we
use {Ou}, = {0}, for the local frame it induces. This is what we meant by 9, in, for
instance, Eq.. In the literature, this frame is called coordinate basis.

In this section we will formulate GR in a non-coordinate basis for T M made of orthonormal
vector fields {e,}, (with respect to g), i.e.

g(€asep) = Tap- (2.15)

We will call the set of this vector fields tetrad, even when n # 4, or vielbeins (vierbeins if n = 4).
Notice that non-coordinates stands from the fact that these vector fields have non-vanishing Lie
Bracket:

[6a7 eb} |p = Cabc(p)em (216)

c

Catl = €, le 0y — ¢," 0] (0). (2.17)

Taking the dual basis as a frame for the cotangent bundle T*M and exploiting duality, we can
write:

9 =" 0" 20" (2.18)

The dual forms to the tetrad are called solder forms.
We can expand the tetrad in the coordinate basis introduced above:

eq =e,"0,. (2.19)
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The symbols e * are the components of the tetrad in the coordinate basis, they will still be called
vielbeins (or vierbeins when n = 4). Analogously, we have:

0% = e dat. (2.20)

Throughout this subsection, we will use Latin letters for the non-coordinate indices and Greek
letters for coordinate indices. Notice that non-coordinate indices are raised/lowered by n and
coordinate indices are raised /lowered by g, as it is well known that the metric induces a canonical
isomorphism V = V*. As in the previous subsection, in order to take derivatives, we need to
introduce a connection. Notice that giving a connection to a bundle always implies making a
choice. Einstein’s choice, as we have anticipated before, is the Levi-Civita connection. One
should think of this connection as the canonical connection for a (pseudo-)Riemannian manifold.

o
We indicated this connection as V and its coefficients in local coordinates (and in coordinate

[e]
basis) as I'z,. Notice that Def}2.1.1} is independent of coordinates and thus it still defines a
connection also when we use the tetrad formalism. The only difference is that the Christoffel
symbols will be different from the usual ones. Indeed we will indicate them as I'j.. We define
them to be:

o o

Vaer =T ec. (2.21)
Substituting Eq.(2.19) into Eq.(2.21) we immediately get:

o o

b = €56 ((Lea” + ea’\FKV> =e°,e,"V,e,. (2.22)

Notice that in the last equality V acts only on the coordinate index of the bein, this is just a
convenient notation, though the second step is formally more correct. This means we can write
the Leci-Civita connection as:

o

V(V =V%,) = (dV*)e, + V0T e, =: (dV*)eq + Vo e, (2.23)

[e]
where we have introduced the spin connection, ie. w? = I'f.0¢ here w is a matrix valued,
local, 1-form. We know that the Levi-Civita is the unique connection that satisfies both metric-
compatibility and torsion free. To see how these two conditions are expressed in terms of the
spin connection, we look back to Def[2.1.1] and we replace X — e,, Y — €,. From metricity we
have:

dg(eq,er) =0 = g(Vea,ep) + glea, Vep)

0= wcag(em eb) + wcbg(eaa ec) (2'24)
0= Wha + Wab,
Wabp = —Wha- (2.25)

From torsion-free we find:
(o)

[e]
Vaer = Vieq — [ea, 5] =0
[w(ea) — wCy(en) — oyl ec =0 (2.26)
[e] o
C c C
ba Fab — Cap = 0.
Notice that, since torsion is a map that takes two vectors to give one, we can write its components

(in tetrad basis) as:
T, = [d0" +w", A 6] eq. (2.27)

24



Replacing X — e,, Y — e, and Z — e, in Defll.2.14] we get the curvature in the tetrad
formalism:

R%cq¢a = Rlec, ed)en (2.28)
=V Vdeb — Vcheb — V[emed]eb = (2.29)
=V. (w p(€a el) — Vd (wlb(ec)el) — ccdefeb = (2.30)
= (8cw b(ed)) e+ wlb(ed)w"}(ec)em — (8dwlb(ec)) e+ wlb(ec)w"}(ed)em - ccdfw"g(ef)em
(2:31)
= [8cwab(ed) + why(eq)w? (ee) — Daw®(ee) + wy(e)w™ (eq)em — ccdfwab(ef)} €y =
2.32)
= [dw? +w® Aw'y] (e, €a)ea, (2.33)
where in the end we showed: "
R b= dwab =+ (A)al AN wlb. (234)

Notice that Eq. is somewhat surprising. We know from Eq. that the local con-
nection 1-form of a vector bundle takes value in the space of matrices, which we can see as the
Lie algebra of GL(n), i.e

gl(n) = Mat,xn (R). (2.35)
However, since wy, = —wpa, we have that the spin connection is a local 1-form that takes value
not in Mat,, «,, but in a subalgebra of it, the algebra of the Lorentz group, i.e.

w:X(M)x X(M) — so(l,n—1). (2.36)

This is why we called w the spin connection. Comparing Def|1.2.12] with Eq.(2.25)) a question
arises naturally. Is TM the vector bundle on M associated to a principal SO(1,n — 1)-bundle?
Let us first give a definition for general vector bundles.

Def 2.1.3 (Reduction of structure groups). Let w : E — M be a vector bundle of rank r. We
say that its structure group can be reduced to G C GL(r,R) if there exists a principal G-bundle
m: P — M together with an isomorphism of vector bundles:

E =~ E(P,R")
Proposition 2.1.4. The structure group of a vector bundle can be reduced to G C GL(r,R) if
and only if there exists a trivializing cover {Ua, ¢a}oca» M S U U, with the property that all
acA

transition functions ¢ag = ¢q © qbgl take values in G.

Proposition 2.1.5. The reduction of the structure group to O(r) is equivalent to choosing a
metric on E. If E is also orientable, then the structure group can be reduced to SO(r).

Specializing to T'M, this implies we can find a principal SO(1,n — 1)-bundle P, such that:
TM =P x,R", (2.37)

where p is the fundamental representation of the Lorentz group in n dimensions (we will then
imply g = p(g) in the following). This shows how the tangent bundle can be seen as a vector
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bundle associated to a principal SO(1,n — 1)-bundle Lpps. The connection 1-form w that we
defined in this chapter is then the connection on T'M induced by

w:TLpy — 50(1,n — ].),

the connection 1-form on Lpj,. When we are dealing with a principal bundle P whose fiber is
isomorphic to SO(1,n — 1), we call P a principal Lorentz bundle.

We have already seen that principal bundle arise naturally in physics when one is dealing
with gauge theories. Since we have found the principal bundle associated to general relativity,
it seems natural to construct its gauge group and see if we can define GR as a gauge theory of
the Lorentz group. We will see that we can construct a gauge theory for Einstein gravity, but it
will be special since the action in Def[2.1.2]is not a Yang-Mills action.

A gauge symmetry is not like “normal” symmetries, i.e. transformation of symmetry that
depends on some fixed, constant, parameters. A gauge symmetry is signaling the presence of
redundancy in our description of reality. We should then ask ourselves, what is the redundancy
in the tetrad formalisms? We introduced a set of local orthonormal vector fields, i.e. the tetrad,
and throughout this section we only used the orthonormality property of this set. The problem
is that this property doesn’t uniquely specify the tetrad. Consider a tetrad at a point z € M,
{ea}, |x If we act on it with an element g € SO(1,n — 1) we get to a new set {e,,}, ’f which
still satisfies Eq. at x. This is the redundancy we were looking for. The set of all tetrads
related by a Lorentz transformation is the set of local inertial frames. When we move from
the point * € M to an open subset U € M, we see that the Lorentz transformations become
local, i.e. they depend on parameters which are functions of spacetime. We then identified the
gauge group of general relativity, or at least part of it. Mathematical gauge transformations are
given by f : Lrp — Ly and, once we choose a local section s : U — Lr)y, they correspond
to physical gauge transformations 77 : U — SO(1,n — 1) as given by Proposition when
one is dealing with Lorentz transformation, one usually writes A instead of 7, in the following
we will stick to the former. We have already shown how the connection changes under gauge
transformations (see Theorem , ie.

w2 AMwA + A1dA. (2.38)

Notice that this remains true for the induced connection on the associated vector bundle T'M
since p is a representation, i.e. a group homomorphism. The tetrad, as any other element of
X (M), is a section of this associated vector bundle. These objects change as given by Theorems
in particular:

ea -5 Aeq, (2.39)

where again, since p is the fundamental rep of SO(1,n — 1), we simply wrote A = p(A).

Now we are ready to tackle the last goal of this section: rewrite the Einstein-Hilbert action
using the tetrad and the solder forms. Notice that we have cheated a bit in this section. The
tetrad we introduced can be defined only locally. If we could find a global tetrad frame for T'M,
this frame would induce TM = M x R™ which means that the manifold is parallelizable and
then not so interesting, geometrically speaking. The important thing to keep in mind is that,
even if tetrads and solder forms are not global objects, we can build global objects out of them.
Give an open cover to M, {U,},, in such a way that we have a tetrad frame on T'M for any «,
{ea}, (here we used e, as a symbol for all the n vector fields that form the tetrad in the open
U, ). We have already studied the situation on the overlap with the appearance of the transition
functions. In this case however, we are passing from an orthonormal frame to another one, thus
the transition functions take value in SO(1,n — 1), as one would expect since T M is a Lorentz
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associated vector bundle. This means that building global object out of the tetrad and the solder
forms is the same as building gauge invariant object, with the gauge group introduced above. In
the tetrad formalism one can write the Hilbert action in Def2.1.2 as:

Sle*] = / e Ael ARy = / vV—gd*z R, (2.40)
M M

where we used Eq.(B.7)). The goal of this thesis is to obtain this action as part of a Yang-Mills
action of the form in Def[I.3.16

2.2 Generalizing general relativity

The goal of this section is to generalize the action in Def[2.1.2] by considering all the other
possible scalar terms of canonical dimension four that could be added to the Hilbert action
without spoiling its symmetry. We will follow the work of [1]. In Theoretical Physics one usually
works in natural units, i.e. setting A~ = ¢ = 1. This implies that any dimensionful quantity
has the dimension of a mass (or, equivalently, energy) to some power, this is what we mean by
canonical dimension or mass dimension of a dimensionful quantity. Setting A = 1 immediately
implies that the action must be dimensionless (since # is the quantum of action). Noticing that
¢ =1 implies [d"z] = —n and [0,] = +1, where we write [X] meaning canonical dimension of X
in units of mass. In this section we fix n = 4.

2.2.1 Higher derivatives theory

The most general action we could write respecting the prescriptions above is:[1]
Slg] = / V—gd'z e lpyiriore L (R —2A) (2.41)
M 27 e w2 ’ ‘

where A, p, £, 7 are independent parameters. We will now define all the terms present in the
action.

The first term appearing in the action is the Weyl tensor C € Q?(M,End(T'M)). Given a set
of local coordinates we can define (we re-introduce n as dimensionality in order to give a more
general definition):

1
CO(B/,LV ::Raﬁuu + m (gﬂ/ARow - gauRBV + gauRﬁ,u - gﬁuRa,u,) +

S S— - (2.42)
+ (n—1)(n—-2) R (gapgsy = Gav9su)
= C% =C"%,,, dz" Ndz”,

where Raﬁw, R, and R are the components of the Riemann tensor, Ricci tensor and the Ricci
scalar respectively. In Eq.(2.41]) we wrote:

2 2

4
C2 =C, VCQ,B;LD _ Ra VRQB/LV _ Ra Raﬁ R
& & n_o et L T =)

/M*CQZ—/MTr[C/\*C].

Notice that this term depends non trivially on the fourth derivatives of the metric.

(2.43)
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The second summand in the action, which is valid only in even dimension n = 2m, is F4 and

it is defined as: .
/*E4:/ e(TM) ;:/ Pf(R), (2.44)
M M M 27

where Pf denotes the Pfaffian, e(TM) denotes the Euler class of the tangent bundle and R €
O2(M, End(TM)) is the usual curvature tensor.

Def 2.2.1 (Pfaffian). The Pfaffian of a 2m x 2m skew-symmetric matriz X is defined as the
polynomial Pf(X), such that:
det(X) = (PX))?

Notice that the determinant of a skew-symmetric matrix is always a perfect square, but it
is only in even dimension that its square root is itself a polynomial in the matrix entries. The
Euler class is defined for oriented bundles as:

e(TM) = Pf(%R) (2.45)

and it can be shown that it is independent from the choice of a connection on T'M. Moreover,
the following theorem proves that its contribution to the action is a topological invariant, and
thus, it is also metric independent.

Theorem 2.2.2 (Chern-Gauss-Bonnet Theorem). Let M be a compact oriented Riemaniann
manifold M of dimension 2m and V a metric connection on its tangent bundle T M with curva-
ture R relative to a positively oriented orthonormal frame. Then

[ e[ Pf<217TR) — (M),

where x (M) is the Euler characteristic and its a topological invariant of M.

In four dimension we have:
Ey = Rup, R*P" — 4R, s R*® + R%. (2.46)

The last three terms requires less introduction since they are just the square and the
d’Alambertian of the Ricci scalar plus the usual Hilbert action, supplemented by a cosmological
constant A. The action in Eq. contains two terms that don’t affect the classical equation
of motion. The first one is clearly the Euler contribution, since it is a topological invariant. The
second one is R since it gives rise to a contribution on the boundary, which is kept fixed by the
variational principle. Indeed, let y € Q' (M), y = y,dz* with y,, = 9, R:

DR:%M8"R=%Ny‘L:>/ *DR:/ *%My“z/ d(*y):/ Y. (2.47)
M M M oM

Eventhough the Euler term is a topological invariant we can use Egs.(2.42{2.46|) to rewrite
the action in the totally equivalent form:

1
Slgl = / V—gd*z [xRWagRW“ﬁ +yRu R + 2R* + TOR + = (R— 2A)} , (2.48)
M

where the parameters z, y, z are related to p, A, £. Notice that in both expression for the action
there is only one dimensionful parameter: % = %—7’;, where mp ~ 101°GeV is the Planck mass.
Thus one would expect, in the regime |9xgag| << my, the higher derivatives contribution small
when compared with the Hilbert term in the action. This is called Planck suppression. However,
since the lagrangian contains higher derivatives, these terms are potentially unstable and whether

or not Planck suppression applies is still unknown and requires careful investigation.
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2.2.2 Semiclassical gravity and renormalization-induced higher deriva-
tives

The reason why we are so interested in an extended action like in Eq. is its semiclassical
implications. Our goal is to study quantum field theories in the presence of a classical background
gravitational field g,,,. We will see that even if the QFT under consideration is renormalizable
in flat space, the same is not necessarily true in curved spacetime. In particular, quantum
corrections can generate all the vacuumﬂ terms present in Eq. and non-minimal couplings
between the quantum fields and the gravitational field. In the following we will be using the
functional picture of quantum field theory.

One of the most fundamental object in a QFT is the generating functional which is usually
given by:

1 .
Z[J] = v /D(p 6(15[57750]+Jw)7

where Jy symbolically denotes all the sources J coupled to the quantum fields ¢ of the theory
and N is a normalization constant. Since we are dealing with a classical metric field we can
rewrite the generating functional as:

Zlg, J] = Aifeis””“’””[g] /Dg@ i (Smlegl+T0)
0
(2.49)
Dweis[gw]

No =

)
v =T

where the normalization factor Ay is chosen in such a way that quantum induced corrections
can source classical gravity. In order to briefly explain how the higher derivative terms are
generated by quantum effects, we consider the background field method for the classical metric
9uv = Nuv + hyy. This means that we will assume we can expand any quantity, such as the
generating functional as well as Feynman diagrams, in a power series in h,,. Thus any diagram
in the theory will generate infinitely many more due to this expansion. This h,-proportional
contributions can come or from existing vertices (e.g. \T/A,ﬂ” ) or from new vertices that simply
weren’t there in the flat space theory (e.g. ¢"*0,¢0,¢). All these contributions can only decrease
or keep invariant the degree of divergence of a given diagram, but they can never increase it since
these contributions may only add vertices but never remove them.

Let’s now turn our attention on theories that are renormalizable in flat space. Given the
argument above, we see that such theories have good chances to be renormalizable also in curved
spacetimes. First, we summarize some of the most important properties of a renormalizable QFT
in flat space:

1. The divergences that occur in the theory are local,
2. The divergences can be removed by local, gauge invariant counterterms;

3. Since the counterterms need to be added to the action, they must be geometrical scalars
of mass dimension 4;

4. The predictions of the theory are finite after the inclusion of a finite set of such countert-
erms.

1In this subsection the term vacuum will refer to pure gravitational contribution to any quantity such as the
action. This distinctions may not be trivial depending on the theory understudy, especially when symmetry
breaking occurs. In this subsection we will assume that such distinction is possible and done.
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Notice that the third property implies that all divergent diagrams in a renormalizable theory have
mass dimensions 4. This is extremely important. Consider, for instance, a vacuum bubble, i.e. a
connected diagram with no external lines. Suppose that we are working with a theory in which
such a vacuum bubble has quartic divergence. If we look into the infinite series of diagrams
that are generated from it, one can see that it will give rise to quadratic and logarithmically
divergent diagrams. This happens because the insertion of h,,-contribution can only produce
new vertices in a vacuum bubble. The first vertex produced this way doesn’t change the degree
of divergence since it doesn’t add any propagator to the diagram. However, the second vertex
already generates a propagator, which in the most general case goes as (k2 + mZ)Q, where k is
the four-momentum of the field appearing in the propagator, m is its mass (when non-vanishing)
and « is some (possibly half-integer) power. For the sake of practical simplicity we will focus on
the specific case in which the field in the propagator is a scalar field, so that we can take a = —1.
Notice though that our considerations will still be generic since we may just go on to another
vertex contribution and we will still obtain the same result.

Going back to our diagram, which is supposed to be quartically divergent, we see that the
second and the third vertex contributions give a quadratically and a logarithmically divergent
diagram. However, as pointed out before, in a renormalizable flat space theory all divergent
diagrams must have mass dimension 4. Now, let’s us assume that there are no other dimension-
ful quantity in the theory except the fields. Since h,, is dimensionless, the quadratically and
logarithmically divergent diagram will be proportional to the second and fourth derivatives of
hyuw, respectively. However, if the theory is to be renormalizable also in curved space time, the
counterterms needed to remove these divergences must be geometric scalars. However, we have
already listed all geometric scalars built from the metric, its first, second and fourth derivatives,
in particular the only geometric scalar one can build out of the metric and its first and (linear
in) second derivatives is the Ricci scalar. In this way, we see how we really needed to include the
higher derivatives terms into the action in Eq., otherwise we wouldn’t be able to absorb the
infinities coming from these new diagrams. In the same way, non-minimal coupling between fields
and gravity is required in order to absorb the infinities coming from new diagrams contributing
to the self-energy or vacuum-polarization of the fields.

Eventhough we needed a theory without dimensionful parameters in order to uniquely gener-
ate such high derivatives counterterms, more formal techniques imply the same results for theories
that violets this restriction, e.g. massive theories. There is a remarkable lesson to learn here.
Renormalizability in curved spacetimes requires the use of the most general action (Eq)
for Syaclg] and the non-minimal coupling between fields and gravity. However, the higher deriva-
tive terms in Eq[2:41] may spoil the classical stability of the theory due to the Ostrogradsky
instability, which will be the subject of the following subsection.

2.2.3 Ostrogradsky Instability

In this subsection we will study the Ostrogradsky theorem in the context in which it was origi-
nally formulated, classical mechanics, following the work of Woodard[10]. For simplicity we will
consider a one-dimensional problem, so that M C R.

Theorem 2.2.3 (Ostrogradsky Theorem). Let L|x,, %] be a lagrangian that non-degenemtelgﬂ
depends on &, i.e.
0’ L[z, &, i)
042

2Notice that this property implies that the second order time derivative can not be removed by means of
integration by parts

£ 0.
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Then the hamiltonian obtained from it is unbounded from below, with consequential instability of
the system.

Let’s first analyse the equations of motion (the Euler-Lagrange equations) for a lagrangian
that depends non trivially on the acceleration. The action is given as usual:

S[a] = / dtLl, o, i] (2.50)
M
and its functional variation under x — x + dx is given by:

s+55:/ dt Lz + 6x, & + 6, & + 65] =
M

:/ dt | Lz, i, 7] + 5 0L .8] | 5 Ol 3,8] | 0Ll 3, 8]
M Oz ot loks

- TR - (2.51)
:S—|—/ b S {8L[x,z,$] d OL[x, i, 7] +d8L[x,3:,x]}
M

or  dt Oi a2 9@

B OLz,i,%] d OLlz,&,& d® OL[x,,4]
5S_/Mdt5‘r{ or  _at o aer  or |

where we used integration by part exploiting the fact that the variations die off at the boundary
when one is deriving the equations of motions. From Eq[2.51] we see that the Euler-Lagrange
equation is:

OL[z,#,%] d OL[x,#,%]  d? OL[x,,i]

or  dt o PN FR (2:52)

which can be recast as:
W= F (2,3, %, &), (2.53)

Since this equation is a fourth-order differential equation, we need to specify four initial con-
ditions, which means that the Hamiltonian of this system will have four canonical variables.
Ostrogradsky’s choice for these four variables is:

OL[x,&,4]  d OL[x,,i]

X, =z P = -2
1= O i 8: (2.54)
I .
X, =i, p, — Lo, &,
ox

Non-degeneracy in the lagrangian implies that we can invert these relations into an equation for
Z, i.e. we can find an acceleration A(X7, X5, P») such that:
OL[x, &, &

- =P, (2.55)
ok 2=X1,i=Xz, i=A

We can then Legendre transform the lagrangian to finally get the Hamiltonian:

H (X1, Xo, Py, Py] = PLX1 + PyXo — Lz, &,i] =

. (2.56)
=P Xy + P,A— Lz, &, %]

The canonical equation of motion are given by:

_OH[Xy Xa, PP OH[X,, Xy, Py, Py (2.57)

Xi OP; X,
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It is easy to check that this hamiltonian generates time evolution. The phase space representation
in Eq.(2.54) comes from the evolution equations for X;, Xs and P;.

_ OH [X1, Xy, P1, P

X1 8P1 =X = Xy = x, (258)
. O0H [X,, X2, Py, Ps] 0A OL[x, &, %] OL[z, &, %
Xy = =A+ — |Phb———F——| =4 Ppo=—"- 2.
2 P, AT LT - oz (2%
. OH [Xl,XQ,Pl,PQ] 0A 8L[.’E,.’E,(E] 8L[m,x,m] 0A 8L[:v,x,x]
P=— =—-P —P =-P+———
: X, B S T T & R
OL[x,%,%] d OL[x,4, &
Pp==— - —— =
- Bi dit 03
(2.60)
Finally, the time evolution is given by the canonical equation for P;:
- 0OH [Xl,Xg,Pl,PQ] 0A aL[.’E,LI},I] 8L[m,x,x] 0A 8L[Jc,x,x]
P =- =-b + + = = s
_ d OL[w,&,#  d* OL[x,&,#  OL[z,#,i] '
dt  Oi a2 o  Or

The most important thing to notice in Eq. is that it is linear in P; and thus it is unbounded
from below. When the Hamiltonian doesn’t posses a global minimum we say that the system
understudy is unstable. This happens because every configuration which corresponds to a local
minimum of the Hamiltonian, can be perturbed with a finite energy in such a way that the next
semi-stable configuration will have lower energy. Since the energy doesn’t have any lower bound
this process could go on forever and thus generate what we call instability in the system.

The same analysis we did for two time derivatives can be repeated for higher derivatives, in
particular, if the lagrangian is non-degenerate in the N-th order time derivative, N > 1, then
the Hamiltonian will be bounded from below only in one of the momenta, while the others N — 1
will appear linearly as P in Eq.(2.56). In this way we see that there are unstable directions in
phase space, i.e. those directions for which the linear term P; X5 is negative. The only way for
a theory to avoid Ostrogradsky instability is to violate its only hypothesis: the non-degeneracy
of the lagrangian. This can be done explicitly, e.g. the Hilbert action Def[2.1.2] where R is
linear in the second derivatives of the metric. Another way to avoid the instability is to have (or
impose) constraints in phase space such that the unstable directions are unphysical, for example
this could be done in gauge theories.

Notice that Ostrogradsky theorem implies that the theories of Subsection [2.2.1] contains
classical instabilities if one consider them as only metric dependent. We will see that the Yang-
Mills formalism will allow us to introduce quantities as the curvature squared in a first order
formalism which doesn’t generate Ostrogradsky instabilities.
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Chapter 3

Geometrical Yang-Mills theories

This chapter is dedicated to the mathematical construction of some special Yang-Mills theories
that we will call geometrical. The reason for this name is that we will study the implications
of using part of the gauge connection as a tetrad. Throughout the following fix a manifold M
and a princpal G-bundle P — M (G being a Lie group). The last two sections are dedicated
to physical applications of the formalism at hand. In particular we will show the connection
between de Sitter theory and GR and between conformal theory and Weyl gravity.

3.1 Gauge theoretical metric and geometrical action

The goal of this section is to define the metric on M (g € T*M ® T* M) using gauge connections
on P, (w€ T*P ® g). Then we will show how to write a geometrical Yang-Mills action and we
will provide its particular variation.

3.1.1 Metric properties and tetrad candidates

Throughout this subsection we will identify the most important properties of the metric and
we will then find some gauge fields that could define it. First of all, the metric tensor lies in
the symmetric (g) representation of the frame bundle of M that we introduced in Subsection
Since our goal is to define it through the gauge connections (which can be considered ((IJ)),
we will need the symmetric direct product rep, exactly as one usually does with the tetrad i.e.
Juv = Nape® @ b, where 7 is (for the moment) an arbitrary symmetric constant matrix. Let’s
consider the gauge connection to be w = a + B, where a,8 € T*P. We consider & to be the
part of the gauge connection that defines the metric, while the latter is independent from 8. The
distinction in & and B generates a distinction also in the gauge algebra. This happens since this

forms take value in the Lie algebra of our gauge group. We will then introduce {a;},_; ~, and
{bj};=1 np With Nga + Np = N = dim(g) such that we can write:
w:wi®ei=d+ﬂ=di®ai+ﬁj®bﬁ (3.1)

.....

tensor as: 4 .

Notice that if we intend to consider the fields & equivalent to standard tetrad fields we need
more properties. In particular, N4 must be equal to n, dimensionality of M. Moreover, we will
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show in Subsection that dimensional analysis gives a dimensionless connection 1-form (for
the non-tetrad fields) and the dimension of an inverse mass for the tetrad 1-form. Since the
connection 1-forms and the tetrad fields are part of the same connection 1-form they need to
have the same mass dimension. We will then write o = M ~'&°, where M is a constant with the
dimension of a mass, and define the dimensionless metric the same as in the previous expression.

g =Nt @a’ = M 2n,6% @ ab. (3.3)

However, this equation doesn’t actually define a metric on M since, strictly speaking, the tensor
constructed in this way lies in 7% P Qgymm T*P. We have seen already how to pullback 1-forms
from P to M in order to get local connection 1-form. In particular, we know that we need a
section s € I'(M, P). We will then consider o® in Eq. to be the local connection 1-form
(times M) associated with e and the section s. Notice that making another choice for s changes
the metric definition, unless the change of gauge (in the language of Subsection leaves
Eq. invariant. In general we will show that one in general loses part of the original gauge
symmetry defining the metric in this way. With the construction above we turned M into a
(pseudo-)Riemannian manifold (M, g).

3.1.2 The necessity of pseudo-orthogonal gauge groups

We have established in Subsection [2.1.2]that the choice of a metric is equivalent to the reduction of
the Frame bundle of M to a principal O(s,t)-bundle, with (s,t) being the signature of the metric.
Following the principle of special relativity and the 'mostly-plus’ convention, we declare that the
signature of our metric is (1,3). This implies that the Frame bundle is given by a Lorentz bundle
as we have explained before. Consider for the moment the trivial situation for which (M, g)
is just Minkowski spacetime, in particular the Riemann tensor vanishes everywhere. One can
show that in this situation, one can use the gauge-tetrad local 1-form (in the case of contractible
spacetimes, as Minkowski is, one can pullback the connections globally) as coordinates. the
metric tensor in this coordinates is then given by g,, = 1,., showing the physical interpretation
of the matrix 7. Indeed, we can see that it represents the metric of flat (or also asymptotically
flat) spacetime. Since we defined the signature to be (1,3), this turns 7 into the Minkowski
metric, i.e. n = diag(—1,1,1,1). Going back to arbitrary (M, g), one can now see what kind of
gauge transformations leave the metric on M invariant. We know that under a physical gauge
transformation (h(z) € G) a local connection 1-form changes as:

w — h~'wh + h~dh. (3.4)

Recall that the first term in the transformation rule above is the adjoint representation (i.e. a
linear action) of the Lie group G on its Lie algebra g.

Remark. Fvery linear map between finite dimensional vector spaces can be represented in matriz
form.

In the case at hand we have:
h™lwh = w' @ hle;h = w' HY ey, (3.5)
Calling A, B C g, A = span{q;}, and B = span{b; }j, we infer the transformation on a and f:
+ htdh
€A

+h tdh
€B

= H' w"a; + (h"'dh)'a;,

€4 (3.6)
= H’,w"b; + (h~'dh)7b;,

€eB

a— hlwh

B — h™lwh
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which shows that the metric tensor is generically non-invariant with respect to the gauge group
action. Indeed we find:

g — Ny (H%W" x (h71dh)*) @ (H W * (h~1dh)?), (3.7)

witha,b=1,..., Ngsand k = 1, ..., N.. The previous equation shows that in general the only gauge
transformations that leave the metric (and, consequently, the pseudo-Riemannian manifold)
invariant are the transformations for which (h='dh)® = 0, H%_ is non-zero only for k = 1,..., N4
and the matrix H € O(1,3), (i.e. it mixes the tetrad fields among them in a pseudo-orthogonal
fashion). Introducing an orientation on (M, g) and demanding invariance of the orientation under
the gauge action we can reduce the group to SO(1,3). It seems natural to conclude that in order
to retain part of the original gauge symmetry after introducing the gauge theoretical metric
introduced in Subsection one needs SO(1,3) C G. Notice that using only the Lorentz
group is not enough. As we have explained in Subsection [2.1.2] the gauge connection of a Lorentz
bundle is associated with the covariant derivative on the tangent bundle of M induced by the
diffeomoerphism T'M = Fr(M) x, R™, with p the fundamental representation of the Lorentz
group. In particular, we have shown that demanding torsionless of a Lorentz connection is the
same as fixing the Levi-Clvita connection on T'M. Geometric fields like the Riemann curvature
will be determined by the SO(1,3) connection as in Eq.. We will then need to extend the
Lorentz algebra adding n or more generators. We will use n of this as gauge-tetrad fields and,
as we have shown, they have to satisfy (A € SO(1,3)):

+h7Ydh
€A

a— hlwh = A\ oFa;. (3.8)

€A

3.1.3 Geometrical action

In the following we will use the standard notation for the tetrad, i.e. a® = e*. As we have

explained before, in order to define a gauge theoretical metric on M, we need SO(1,3) C G.
Considering the standard Yang-Mills action in Def[I.316] It is evident that in general the theory
will be Lorentz invariant and not G-invariant. This happens because the Hodge-star operator
introduces in the action a non-trivial metric dependence. We will then give a non-degenerate
inner product to g that is at least Lorentz invariant, G;;. The action reads the same as for
standard Yang-Mills theories:

Sw] = /M QF AV Gy (3.9)

Before providing its variation we will first do a dimensional analysis of the action identifying
the mass dimension of our gauge fields. First notice that we can write the volume V of a
4-dimensional compact submanifold U € M as:

V:/*lz/ 6aﬁea/\el’/\ec/\ed. (3.10)
U U 4-
Since a 4-volume has mass dimension -4 we will define the mass dimension of the tetrad fields

(the same for any coordinate 1-form dz*) to be -1. Consider now a finite one-dimensional path
v on M and a dimensionful function f : v — R with mass dimension M. We have:

Flog) = flws) = L df = A €D, f. (3.11)

This immediately implies that 0,f has mass dimension equal to My + 1 (since the tetrad has
dimension -1). Since the metric components are defined as g., = 7.4¢°(€4) @ (&) we see that
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they are dimensionless. From now on we will write the mass dimension of a quantity ¢ as [¢].
The action must be dimensionless, i.e. [S] = 0 since we fix A =1 (and we also fix ¢ = 1 so that
we can measure everything in unit of mass). We know that the curvature 2-form is given by

(compare with Def{1.2.11]):

O =duw' + §cj,:wj A wh. (3.12)

Usually one finds the mass dimension of fields by demanding adimensionality for their kinetic
terms. As shown before, since the metric components are dimensionless, we have already fixed
the dimension of the tetrad field to be -1. Indeed we have [e?] = [e?,d2"] =0~ 1= —1. The
situation is different for the part of the connection that doesn’t define the metric (8). In this
case we have for its curvature (B):

) A
B/ =dpl + 5cm{wl Aw™. (3.13)

Assuming orthogonality of A, B C g with respect to the bundle-metric on the adjoint bundle (as
will be for the theories we will study in the following), we find that the kinetic term corresponding
to the B fields is given by:

/ dB; A *df°. (3.14)
M

Remark. In four spacetime dimensions the hodge of a 2-form has the same mass dimension of
the original 2-form.

This happens because, on a four dimensional manifold, the Hodge star operator maps 2-forms
into 2-forms multiplying by dimensionless quantities (the Levi-Civita symbol and the metric
tensor). We then have to compute the mass dimension of dS*.

[dB] = [0.8° )] + [dat A da”] =
=B )+1-2= (3.15)
= [bnu} -1

Comparing with Eq.(3.14) we find:

0= [/M dgt A *dﬂi:l =2([p",) -1
[6°)] =1

(3.16)

Notice that the connection 1-form (not its coordinates) are dimensionless, in contrast with the
gauge tetrad fields which are fixed by the geometry to be of mass dimension -1. Thus as we have
shown in Subsection B.1.2l we have to consider e* = M 1% where &* is the true dimensionless
gauge connection. In particular, exploiting the orthogonality of G;; expressed above, we have
that the kinetic term for the tetrad fields reads:

/ de® A xdé, = M2/ de® A xeq. (3.17)
M M

The same for the interaction terms in the action, which are given by:

, A 1. ,
/ |:Cjkldw2 A xwlwk + Zc,,”mcjfcwm Aw™ A* (W Aw®) | Gy. (3.18)
M
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We have thus shown that twisting gauge connection and tetrad fields requires a dimensionful
coupling costant (since it isn’t an overall factor) in order to have a consistent Yang-Mills theory.

There is another term that could be added to the action without violating any of the pre-
scriptions in Subsection [2.2.2]

/ Q' AQIGy;. (3.19)
M

Notice that there is no presence of the Hodge-star operator, thus this term doesn’t depend on the
metric tensor. In particular, if G;; is bi-invariant with respect to the adjoint action, Eq. is
invariant with respect to the whole gauge group and not only the Lorentz subgroup. However,
one can show that this term is proportional to a boundary integral which gives no contribution to
the classical dynamics since the boundary is kept fixed by the variational principle. Nonetheless,
it could give rise to interesting phenomena at the quantum level.

3.1.4 Variation of the geometrical action and the equations of motion

The goal of this subsection is to provide the functional variation of the geometrical Yang-Mills
action in Eq.(3.9) under an infinitesimal variation of all the gauge connections. We already know
the variation of the curvature (cfr. Eq.(1.26)), i.e.

w—w+ dw Qw) — Qw) + dydw, (3.20)

so that the last piece we need (peculiar of a geometric Yang-Mills theory) is the variation of the
Hodge star operator. Consider a 2-form A € Q2(M) and let %' denote the Hodge star operator
that depends on the metric g’ = 7, (a®+5a?)®(a’+da’) = g+dg, where a® are the components
of the gauge field w that defines the metric. (Notice that we will compute *' A and not ' A’ the
reason will be clear later.).

A, V=g
*,A = %/ (gda:“ A d.l?V) = 2(?}2)!14””9’#0“9’”56aﬁp0d$p Adz’ =

J -9 a, v 7 -9 ay v o
= At G g A8 oo de ™ T A (097) 6 eapoda? A da” + O((89)°).
(3.21)

where, for notational simplicity, we dropped the delta Diracs (notice that the theory is local
so that most of the time the presence of the Dirac distribution doesn’t give any interesting
contribution) From Eq.(3.3]) we find:

N

o¢t 3.22
09" HYp V _ gV P (322
=9 € —g € -
de®,
Plugging these results back in Eq.(3.21]) we get:
K A=xA+e)x A— F—— V9 (9"7e,™ + g™ Ve") Apng”P eappodz’ A dz”. (3.23)

(n—2)!
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Finally we can give the action variation. Provided that G;; satisfies Eq.(1.25), we can write (in
analogy with Eq.(1.27)):

+ / {ea“’Qi A *Q — o2 ':g)'QZ A, (9" e, " + g™ 7e,r) 9" eappodr’ A dx”] Gijoe’, =

* YV (O J ea’y % j v a
:5+2@¢%mM@MVJGUAJQWWW%M—4QuﬂW}&7ww#m
(3.24)

which gives as equations of motion:

e o

! 8’7 (\/TQQjM) + Clr{Lwl'meM} = Gij {Qi&yﬁjuueau - ZQiuquwj}

G | ——
j[v—g
1 . ,

)
if a is a tetrad index

if a isn’t a tetrad index

(3.25)
We found the peculiarity of a geometric Yang-Mills theory. The gauge fields that take the role of
the tetrad are not source-free in vacuum, yet they are sourced by the energy-momentum tensor
of the theory.

3.1.5 Outlook: interacting matter

In this subsection we are going to briefly explain how to introduce gauge charged matter for
geometrical Yang-Mills theory. In usual Yang-Mills theory, charged fields live in associated
vector bundle as in Def P x, V. For instance, for chromodynamics P is given by an
SU(3)-bundle and (p, V) is given by the fundamental representation (i.e. the color multiplets).
Since we have already established that geometrical theories are invariant, in general, only with
respect to the Lorentz subgroup, it seems natural to charge the fields only with respect to this
latter. We can then use the standard representation theory of SO(1,3) to define our fields. The
trivial example is the scalar spin-0 theory. In this case we have (p,V) = (ptrivial, R), where
Purivial(9) = 1, Vg € SO(1,3). As usual, the connection on the principal bundle induces a
covariant derivative on the associated vector bundle (compare with Def. . In the case of
the scalar field this is simply given by the standard differential as it can be easily checked.
More interesting is the case of the fundamental representation (i.e. the multiplets of the
Lorentz group). In this case, since the Lorentz-subbundle is related to the frame bundle of M
(as explained in Subsection , the fields correspond to spacetime vector fields. As usual they
can be represented by:
A= (Ag, A1, As, A3), (3.26)

where the components are referred to a tetrad frame since we reduced the frame bundle to its
Lorentz subbundle. The transformations of these fields is given by local Lorentz transformations.

Ay — AL A, (3.27)

In particular, we notice that one can always find a transformation for which two of the three
spatial components of the vector field vanish. This could perhaps help if one intends to study
possible simmetry breaking scenarios of the theory. We will see that for the de Sitter theory
these vector fields could turn the spacetime torsion into a non-dynamical field.
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3.2 de Sitter gauge theory

In this section we are going to study the geometrical Yang-Mills theory for the de Sitter group
(i.e. SO(1,4)). We will show that the geometrical Yang-Mills action contains the Hilbert action
in the presence of a cosmological constant. We advice the reader to go through Appendix [A] to
get more familiar with the techniques we will be using.

3.2.1 de Sitter group and de Sitter bundle

The de Sitter group is defined as the isometry group (i.e. the set of diffeomorphisms ¢ : M — M
for which ¢,g(¢*X,0*Y) = g(X,Y), X,Y € T'(TM)) of the de Sitter space. This latter corre-
sponds to the following vacuum solution of the Einstein’s equation with cosmological constant
A:
1
ds® = —dt* + ¢2(3)7 [dx2 + X3(d6° + sin® de?)] . (3.28)
This space can be mapped into the four dimensional surface in R® given by:

3

— (zo)2 + (21)2 + (22)2 + (,23)2 + (z4)2 =1 (3.29)
with five-dimensional metric:

n =diag(-1,1,1,1,1). (3.30)

The last expression shows that the isometry group of de Sitter space is the same as the one
for R1, i.e de Sitter group is given by SO(1,4) and it clearly contains the Lorentz group as a
subgroup. As we have shown in Subsection this makes de Sitter group a good candidate
to define a geometrical Yang-Mills theory. Notice that with respect to the Lorentz group we
have exactly four more generators and we will use them to define the tetrad fields on M. In
the following we will use lower-case latin letter for the Lie algebra indeces corresponding to the
Lorentz generators, i.e. Map|a,=o,.. 3= Mi4p)- The others four generator M4 will be called
P,. Comparing with Eq.7 we get the commutators in the Lie algebra basis with this new
notation:

[Mias)s Mica)] = moeMiaa) + NaaMipe) + NavsMica) + Nac Mian),
|:M[ab]; -155:| = nbcpa - nacpbv (331)
[paa Pc] = Mca;

which gives for the Killing metric (compare with Eq.(A.6])):

Glabjjed) = 2(N = 2) [1be)Nda) — MbdNea)
Glabeq) = 0, (3.32)
Glaa)fet) = —2(N = 2)7ac-

We now consider the particular pseudo-orthogonal bundle for which the structure group is
given by de Sitter group. As usual we introduce a connection:

1 1 -
w= iw[AB] ® M[AB] = iw[ab] ® M[ab] +e*® P,, (3.33)
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which gives for the curvature (compare with Eq.(A.12))):

Q:dw—f—%[w,w]:

1 a a ~
=3 [dw[“b] + w[c] Awle — e A eb} ® Mgy + [de“ + w[b] A eb} QP, = (3.34)

1 ~
= 59[‘“’] ® Mgy + T @ P,.

3.2.2 de Sitter Yang-Mills theory

In this subsection we are going to introduce a de Sitter geometrical Yang-Mills theory. We
will show that the torsionless configurations of the theory corresponds to General Relativity,
supplemented by a Riemann squared term.
As we have mentioned above we will use the fields {e*}, as tetrad fields. We will then define
the metric as in Subsection B.1.1}
g = Nape® @ e’ (3.35)

The other part of the connection 1-form is related to the Lorenz generators and as such it corre-
sponds to the covariant derivative on the tangent bundle of M as explained in Subsection [3.1.2
Comparison between Eq. and Eq. shows that, under the interpretation explained
above, the curvature related to the tetrad fields is given by the torsion on M related to the
covariant derivative inherited by w!®!. We introduce the notation:

Rlatl — g, lab] —Hu[‘i] A wlet] (3.36)
so that we can write:
Qlab] — Rlabl _ za A gb — plabl _ pr2ca A ob (3.37)

We have already shown in Subsection that demanding tosionless on a metric-compatible
connection automatically fixes it to be the Levi-Civita connection. Recalling Eq.(2.34]), we see
that for the configurations for which 7% = 0, we have:

oab

R = Rl (3.38)

This equivalence will be extremely important now that we will build the action.
Following the recipe of Subsection we provide the action for the geometrical Yang-Mills
theory for the de Sitter group (« is an arbitrary dimensionless constant):

1 . -
S[W[ab],ea] _ ZQ[ab] A *Q[Cd]G[ab][cd] + T A *TbG[a4][b4] =
M

]' a C
:a/ —ol ]/\*Q[ ]—M2T“/\>|<Ta:
M2 c a
1 L ) 1
:a/ R MR = MPT® A AT, = MPe® A e A xReq + MAZe" A e Ax (e M)
M

1 ]\[2
—a /M V—gd*z {43[“1#”3[&6]”,, + = T T + M2 (R — 2A)} ,
(3.39)

where A = %M 2 = 3M? is the gauge theoretical cosmological constant coming from the last
term in the third line of the previous equation. Notice that we introduced the mass parameter
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M in accordance with the dimensional analysis provided in Subsection The importance of
this action is its torsionless limit. Indeed for torsionless configuration we find:

la

1o 0 1
S[w[”b],e“]:a/ 2R /\*R Mzea/\ec/\*Rca+M4Zea/\ec/\*(ec/\ea):
M (3.40)

1 o lacuv o

=a | J=gdz jR R[MW+M2( —2A) |,
M

which gives, as mentioned above, the Einstein-Hilbert action supplemented by a gauge theoretical
cosmological constant and a Riemann squared term. Notice that the latter is not multiplied by M,
and this constant needs to be of the same order as the Planck mass to give a true correspondence
with general relativity. This means that the effect of this interaction on the Hilbert action is
suppressed by a Planck mass squared.

Using the results of Subsection we will now provide the equations of motion of the
action in Eq.. For the Lorentz connections we find:

(FQ[cd](Sﬂ/) ~Celim 5cd]w[ciyf]Q[lm]6'y+M2 Claflle []Cd] f Tm6’y:| _

0 =G'ap][cd) { \ﬁ

o« P 1
PN 2

ol 5 1 5
i [V (3 =) 3 e )

2
5 [t (RY 77 = 2206, — ee,?)) — oy (B 7 = 22 (e,T = e )] = 0.
(3.41)
This equation corresponds to the generalization of flat-space Maxwell equations 0, F** = 0 to
the case of non-Abelian gauge theory in curved spacetimes. For tetrad fields the situation is
different. From Eq. we can see that for the tetrad fields we have the contribution of the

Hodge-star operator, a simil energy momentum tensor that appears on the right hand side. We
first look at the LHS, i.e.

_ 20”7ajM2 \/7 ( /7T ) 3 [Man] (elvg[mn]&‘/ _ w[ifyln]leW)] -

_ 20477ajM2 _\/La’y (\/ngjM) + 110 m nmldjn (el,yQ[m"]M _ w[’,’yL”]Tl‘W)] -
LV—Y 2
ol | _ _

= — 2am; M? | —=0, (/=gT""") — €,, QU 4 linlT 97| = (3.42)
V=9 v
1 . . . . .

= — 2am,; M* 7F87 (\/TgTJ‘S'V) + wab]Tn‘s'Y — €nny (R[J"]‘S'V — % 4 e”e"‘s)] =
LvV—9
1 . . . .

_ _ 2a77ajM2 \/jay ( ﬁ_gTJM) + W[]'yn]TnM _ emR[J”]‘” + M2(n _ ]_)6J5:|
LV—9
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[\/Tg (R[ab] 5y _ M2(eaéeb7 _ ea"/ebts))} + 7A[ab][cd] (w[cl]'yQ[ld]é’y _ w[ff]’yQ[lc](S'y + ed,YTC&Y P

déy\ _
’YT ﬂ/)_



and for the RHS:

)
2{G[EF][CD]Q[EF](SVQ[ZIB]% _ —G (EF [CD]Q [EF] Q[CD]W} _
= = G |G B = M Ty 0P (4,07, — ) B+
M* du cv cp dv “w [dc)ov 2mdév
+ -5 (e e’ —e%e ) (ecp€dv — €dpeer) | + 20, 2R Ricajpy — MT Ty, +

M4
— M? (Ecp€dy — €dpey) Rldelov 4 - (ed5ec” - 605ed”) (Ecpldy — eduecy)] =

1
_ %eaé |:2R[dC]HVR[cd]uV _ Mszm/TdW, + IM?2R + 7’L(1 _ n)M4:| +

1
+ 2a |:€a#2R[dC]§VR[cd]uV - M2Td6UTduuea'u + 2M2R[Cd](sy77acedu + (1 - n)M46 ’

a )

(3.43)
where we called R = e He R[C’f;]' The last two expressions give the equations of motion for the
tetrad fields:

1 . e’ 1
7,_—98'\/ (V _gTa 67) + W[an]'mi;’Y + 1:{1‘3;S - % (R B 2A) - m ((':—)101"‘%1132)(1(S + (@torsion)a(S )
(3.44)
here we identified:
RiCa(; _ R[Cd]&/nacedln
§ L v 1 d] puv
(Ororentz), = €,/ Rledld Ricdjuw — ZeaéR[Cd]H Ricayuw, (3.45)

5 ds L sqa
<@torsion)a = eaHT VTdu,u - zea T Hdep,V-

Once again, it is interesting to study torsionless solutions to the equations of motion. We see that
they correspond to Einstein’s field equations supplemented by a ‘geometrical’ energy momentum
tensor and the corresponding equations for the Lorentz connection, namely:

o O e 3 o 1 s
RiCa — % <R - 2A> = m (@lorentz)a )
(3.46)

[ed]s [cd] A
Glab][ed) [ (FQC ] 7) zc[ fiim] wleflglim] V] =0.

2\/7
This result is somewhat surprising. Indeed, we obtained Einstein’s equations and a cosmological
constant from the standard Yang-Mills action. In other words, we derived the equations of the
gravitational field from a theory more similar to QCD or the Electro-weak interaction, and in
general to the Standard Model physics. Moreover, notice that the difference between proper
GR and Eq. is a factor which is of second order in the Riemann curvature tensor but
is also suppressed by an inverse Planck mass squared. The contribution coming from a non-
vanishing RHS of vacuum Einstein’s equation will then be relevant only when the curvature is
of the same order of magnitude as the Planck mass. This is the situation one usually finds when
considering portion of spacetime very close to the well-known singularities in some of the most
famous solutions to GR equations of motion. We expect this term to give tangible contributions
in such scenarios, perhaps, but this is just an educated guess, preventing or taming the presence
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of singularities. More likely this would effectively modify the structure of some event horizons
in an analogy with what happens with the Reissner-Nordstrom solution. It is worth mentioning
that adding matter to the theory will result in a contribution on the RHSs of Eq.(3.46). For the
tetrad equation we would find the energy-momentum tensor of the matter field, as it can be easily
check since it would appear from the Hodge-star variation again. For the Lorentz connection we
would have the contribution coming from the gauge current (as in standard Yang-Mills theory)
which for us will be represented by the angular momentum of the matter fields (since the gauge
symmetry group is given by local Lorentz transformations).

An important aspect of this theory is the appearance of a gauge theoretical cosmological
costant. This costant is positive and it’s proportional to the Planck mass squared. Having such
a big cosmological costant could be thought as a problem, expecially in cosmology, where one
of the most important model predicts a very small A. However, eventhough the classical value
is fixed by the structure constant of the de Sitter group to be proportional to the Planck mass,
there is no way to say whether (after providing a quantization scheme) renormalization would
keep this correspondence satisfied. Indeed, looking at the action, we see that, taking the factor
M? inside the overall constant a, the bare value A will absorb the infinities coming from the
zero-point energy of the fields (one can think of a scalar field theory to convince themselves that
this is the situation). On the other hand, the bare Planck mass appears as a coupling costant in
front of the other term in the action (the Riemann squared term), thus we expect it would receive
quantum corrections associated with counterterms related to the field strength renormalization
parameter Z. With all these considerations in mind, we expect that the physical Planck mass and
the physical cosmological costant will be in general independent without spoiling the symmetry
of the action (i.e. local Lorentz symmetry).

Consider again the complete de Sitter geometrical action in Eq.. We would like to
give an intuitive scheme that one could follow in order to constraint dynamically the second
term (torsion squared) to be zero. Let A = A, dx* = A,e® be a 1-form vector field on M, not
necessarily a gauge boson. Here, as in Subsection we exploited the interpretation of part
the connection field as tetrad fields to express the coordinates of the A field in this orthonormal
basis. Recalling that the tetrad generators correspond to M[,4) one can see from Eq. that
the covariant derivative acting on the tetrad fields is given by:

dye® = de® + w[i]eb =T (3.47)
so that charging the covector fields A as a Lorentz multipletﬂ we find:
dwA=dA, Ne®* + A, T*. (3.48)

It clearly provides a gauge invariant expression (compare with Eq.) and it’s different from
the standard exterior derivative only if torsion is non-vanishing (as it is the case when one consider
the general covariance principle applied to electro-magnetism). The easiest term to include in
the action for such a field would be the standard kinetic term:

/ F/\*FE/ dw AN *d,A =
M M

(3.49)
:/ [dAq Ae* Ax (dAp Ae®) + 24,7 Ak (dAy Ae) + A AT AT"] .
M

1This means that we are applying the principle of general covariance passing from rigid to local Lorentz
transformation acting on the covector. We need Lorentz and not the entire general linear group, as would be the
case for general coordinate invariance, since as we studied in Subsection we can always cover a Lorentzian
manifold with local orthonormal frames for the tangent bundle.
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We can then see that if one introduces a suitable potential for the A field, there is the possibility
of a condensation of the field such to give (A,, Ap) = —%M 2n4p. The semiclassical limit would
then correspond to the torsionless action in Eq.. We notice that since we don’t observe any
other massless vector fields in the universe, we think this vector field should be massive enough
to not make it detectable with modern experiments. Furthermore, since there is no dependence
of the action on the derivative of the tetrad fields, we argue that without the torsion squared
term the torsion field becomes non-dynamical and once we fix the initial conditions to give a
vanishing torsion this will remain true throughout evolution.

In conclusion, using the de Sitter group as gauge group for a geometrical Yang-Mills theory
we are able to obtain Einstein’s theory of gravity as a low energy torsionless limit of our theory.
The Yang-Mills formulation and in particular the structure constants of the de Sitter algebra
give the Hilbert action supplemented with a Riemann squared term, which is suppressed by a
Planck mass squared, a torsion squared factor, which could be possibly removed dynamically as
we have shown in Eq.7 and a gauge theoretical cosmological costant (as well as the usual
mass parameter expected in all geometrical Yang-Mils theories). In Chapter |4/ we will establish a
Hamiltonian formalism suited for geometrical Yang-Mills theories. In particular we will consider
the constraints arising in phase space and we will provide their analysis.

Tt is worth noticing that replacing de Sitter group SO(1,4) with anti-de Sitter group SO(2,3)
one would find the same reults we have found for de Sitter since the algebra of the two groups is
very similar, in particular the theory will still contain the Einstein-Hilbert action. The difference
lies in the cosmological constant which would be negative for the case of AdS gauge theory. This
comes from some relative sign between the structure constants of so(1,4) and so(2, 3).

3.3 Conformal gauge theory

In this section we will be studying a conformal gauge theory, i.e a gauge theory with gauge
group given by the conformal group of flat space SO(2,4). First, we will introduce the conformal
algebra and the conformal bundle. Then, we will be giving a consistent geometrical Yang-Mills
action as in Section and we will study its equations of motion.

3.3.1 Conformal group and conformal bundles

In this subsection we will define the conformal group and its algebra, mapping it to the pseudo-
orthogonal group SO(2,4). Then we will introduce a principal SO(2,4)-bundle with relative
connections and curvatures.

Def 3.3.1 (Conformal transformation). Let (M, g) be a pseudo-Riemaniann manifold. A diffeo-
morphism f: M — M is called a conformal transformation if it preserves the metric tensor up
to a local scale, i.e.

(p)

arm =€*Pg,  peM,oeC®(M),

in a local chart {z,}
oy oyP

Bt 5 908 (F(P) = €7 g, (p),

where y* = f*xt =zt o f.

The set of all such transformation clearly constitues a group which we denote as Conf(M, g).
Consider X € X(M), if the infinitesimal flow of X at x € M (in coordinates x*(z) —
xt(x) + eX#(x), € << 1) generates a conformal transformation we call X a conformal Killing
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vector (CKV) at z. The condition in Def]3.3.1] translates to:

9 (z% + eX*) 0 (27 + eXP)

_ 20(x)
py e Jap(x+eX)=¢e Guv (), (3.50)
which implies that g and X need to satisfy:
Lx g = XOaguw +2 (0, X*) gvya = V9w, (3.51)

where, noting that ¢ o< € we defined % := ¢ and it is easy to see that it is given by:

X*g*" On g + 20, X+
o )

b= (3.52)

Proposition 3.3.2. o A linear combination of CKVs is still a CKV;
e The Lie bracket of two CKVs is again a CKV.

Thus we see that the set of conformal Killing vectors constitues an algebra which is called
the conformal algebra.

Through the rest of this section we will focus on the conformal group of flat space, i.e.
Conf(M,n), where n is the Minkowski metric. The conformal algebra of flat space is given by,
a,b=0,1,2,3:

[Lorentz transformations] Map = 2,00 — 20y,
[Translations] P, = 0,,
] ) b ) (3.53)
[Special conformal transformations (SCTs)] K, = 2x,2°0p — 2°0,,
[Dilations] D = z°0,,
with Lie brakets:
[ ab7 ] - nbc ad + 77(1d]\4l7c + ndcha + nachb7
[ abs ] anP ncapln
[ abs ] = Mo Ko — Nac Ky, (354)
[Paa Kb] = (nabD Mab)7
(D, K] = Kb,
(D, Pa] =
We consider the following change of basis in conf(M, n).
Py + K,
Ma4 = +Ta
P, - K,
M_1q — 5 (3.55)
M_14— D,
Mab = Mab

and they satisfy the algebra of s0(2,4) (the six dimensional Lorentz group with ' = diag(—1,—-1,1,1,1,1

ie.
[Mag, Mcp] = ngcMap + NapMpc +nppMca + 1acMps, (3.56)
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where capital latin indices run from -1 to 4; -1 and 0 are the time indices and 1,2,3 and 4 are the
spatial indices. This allows us to use the results of Appendix [A] in particular we will represent
the generators with the usual choice:
I
(Mag) ;= 6"ans — 6" gna. (3.57)

We will use the Killing form as metric tensor in Lie algebra space, in accordance with Eq..

We call conformal bundle a principal bundle 7w : P — M such that its structure group is
given by SO(2,4). As usual we can introduce a s0(2,4)-valued connection 1-form w which can
be expanded in the generators in Eq.(3.53)) as follows:

1
w= 5w“”@]\IMJre“®Pa+fa<g>K“+w<g>D
; (3.58)
= iwAB ® Mag,

where w®, e?, f,, w, wAB € Q(P). Before reading further, we suggest the reader to go through
Appendix [B] in orther to get more acquainted with the techniques used in this chapter. Recall-
ing Def]1.2.11| and the formula in Eq.(B.5)), we can write the curvature € associated with this

connection: 1
Q=3 [dwy + W' AW+ 2(f e e A fY)] © Mapt
+ [de“+w“b/\eb+e“/\w] ® Pyt
+[df* + WA fy+w A f] @ Kot (3.59)
+ [dw +2e* A fo] @ D =

1
507 ® Moy + T° ® Pu + 5 © Ko + Q® D,
or, in the s0(2,4) basis:
_loa A

Q= 0% e MY, (3.60)
with (compare with Eq.(B.4)):
OB = A B=0,1,2,3,
Qo= —2(T% — 59,

3.61
Q4a —_9 (Ta 4 Sa)7 ( )
o =q.
Moreover, we have the Bianchi identity d,€ = 0 from Theorem [1.2.13
1 a A ch N ) A Qca
5anb+‘”C 2“"6 S AT — FEATE — e ASP +eb A SO =0,
AT+ W ATy +ep AN + e ANQ—w AT =0, (3.62)
dST + WP NSy + fLAQ — fFAAQ+wA ST =0,
dQ+2(eq NS — fo ANT?) =0,
or, in components:
(0,9, +4e* S, +4f°T",, + 200, | da” A da* A da” =0,
b a b b b ab v
[0,T°,, +2 (e, —wyT",, + € Quy + w0 Top) ] da¥ Adz* A da” =0, (3.63)

d
)] d

10,5, +2 (F2 0 — w0y S, — £40 0 — W Sapw) | da™ A dat A da? =0,

[&YQW + 247 5%,, — 2fmT“W] dxY Adx* A dx¥ = 0.
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It is interesting to look explicitly at the transformations of the connection and the curvature
under conformal gauge transformations. In accordance with the general transformation rules in

Eqgs.(1.1111.17)) we have:

w—w =a wa+a tda,
A (3.64)
Q—Q =a "Qa,

where a € SO(2,4). For transformation infinitesimally close to the identity we can write a ~
1 + ea + O(€?), where € is a small parameter and a = #MBA € Q°(M,s0(2,4)), a*? are
functions. The transformation rules in Eq.(3.64) becomes:

W =w+ edya+ O(e?),

, , (3.65)
Q' =Q+¢[Q,a]+ O(e),
or, in a local trivialization:
w'af; = wa,l; +e [&Yaab +4 (abKea,y + abpf“,y) + abcwa,cy] +0(é?),
e'b,y = eb,y +e[0ya’p +2 (abaeaﬁy — a’ pwy, + aeb,y + agpw® )} + (
f’l,’y = fb7 +e[0yal +2 (afb7 —ab gy — abaf‘ﬂy — grw® o)+ ),
Wi, = wy + €[0ya + 20" geqy — 20 p fay] + O(é%);
(3.66)

e =% e [4(T0,a¢ +apSt,,) — 2,0 ] + O(e),
Ty = Ty 4 e[2 (@ T — ap Oy + T, + a0p )] + O(),
S/b = Sb,uu + € [2 b Sa - a’ﬂKQ )] + (6

1% aSb 7aKQ#Viaﬂ 1224
Q;w = Q;w + € [2 (G:HKTaMu aaPSalw)] + O( )

3.3.2 Connection to Weyl Gravity

In this subsection we will show how to recover Weyl gravity and Bach equations from a geomet-
rical Yang-Mills theories with gauge group given by the conformal group. This theory was first
developed by James T. Wheeler and his Ph.D. student Juan Trujillo[8]. Their idea was based
on a different structure with respect to what we have defined as geometrical Yang-Mills theories
in Section They consider the manifold structure of the conformal group and they consider
the quotient with respect to the inhomogenous Weyl group IW, i.e. Lorentz transformations,
dilations and SCTs. The group one obtains is the translation group with manifold structure dif-
feomorphic to R%. They then use Theorem and Def to define a principal IW-bundle
over the translation group. Eventhough the gauge group is given (before geometrization) by TW
they still expand the connection and curvature in the whole conformal basis as we did. This is
how they solder the geometry of Yang-Mills theory with the geometry of spacetime. In contrast,
we start from a principal pseudo-orthogonal bundle with a connection that is as usual expanded
on the whole Lie algebra of the gauge group. We then need to reduce the symmetry in order to
consider part of this connection as tetrad fields defining the geometry of spacetime. On the other
hand, Wheeler’s idea is to take the quotient of the gauge group with respect to the tetrad gauge
generator ({a;}; in the language of Subsection . In this way the fundamental vector fields
associated with them (compare with Def already define vector fields on M by construction
and the gauge symmetry is given by the whole IW group (and not only its Lorentz subgroup as
in our theories). However, from Eq. we see that the Lie bracket of the tetrad fields as vector
fields can’t be different from the commutator of the generators associated with them. Since the
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translation group is an Abelian ideal of the conformal algebra, this means that the Lie bracket of
the tetrad on M is trivial and we can use them as coordinates. It is straightforward to prove that
if one then fixes the torsion on M to be zero, we can always find a global coordinate system with
both Levi-Civita connection and Riemann curvature tensor identically zero. Naturally, in order
to get any comparison with GR, they need to set torsion to zero in their theory and thus the
geometry of spacetime becomes trivial and there’s no gravitational field in any solution. We will
now show that we can use our concept of geometrical Yang-Mills theory to save the conceptual
mistake we mentioned and obtain Weyl squared theory for torsionless configurations.

The action we will start with is the conformal version of the general geometrical action in

Eq.(3.9), and it’s given by:

Sy vl %/ Q4 A QB =
M
1
:a/ [QQabA*Qba+QA*Q8Ta/\*Sa:| = (3.67)
M

1
- % / V—gd*z [QQabWQb‘”“’ + Q0 — STWSW] .
M

Notice that in this particular geometrical Yang-Mills theory there is no gauge theoretical mass
parameter appearing in the action, and consequently in the equations of motion. This is due
to the fact that the generators for translations and special conformal transformations are not
orthogonal with respect to the metric in Lie algebra space. Indeed from the last term in the
action we see that eventhough we know that the torsion form has mass dimension -1 it will be
compensated by the mass dimension of the SC curvature. In this way we find that the mass
dimension of the gauge field f® needs to be +1.

1st step: change the metric in algebra space

We impose the following two constraints:

" =0, (3.68)
S*=0 '
They allow us to change the action in Eq.(3.67) intof]
S = / Q% A Q8 + B A Q. (3.69)
M

Notice that the metric tensor we use here in Lie algebra space is not necessarily the restriction of
the Killing form to Lorentz and dilational components only, as it can be checked comparing with
Eq.. Indeed, we would have & = 1/2 and 8 = 1. However, as we discussed in Subsection
the metric in algebra space doesn’t need to be fully gauge invariant. In this case, one can
show (using the transformations in Eq.) that the action is invariant with respect to local
Lorentz transformation as well as local dilations for any value of a and 3. Moreover, there is no
symmetry in the geometrical action preventing a and S to run differently due to renormalization.
Thus, even starting with the action as in Eq. and the constraints in Eq.7 the most
general theory that takes into account possible radiative corrections is the action in Eq..

2Notice that this action is of course Lorentz-invariant as it should be for a geometrical Yang-Mills action,
moreover one can prove using Eq.(3.66) and the metric definition that the theory is also symmetric with respect
to gauge dilations.
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We will then study this theory and we will show how to obtain Weyl gravity as a gauge-fixed
version of the geometrical conformal theory.

The equations of motion are taken from variations of the action with respect to the connection
fields. We start with the Lorentz connection. In accordance with Eq., we see that wgp
appears only in the Lorentz curvature €,,. Its variation gives:

60 = ddw®™® + dw A w,b 4w, A Sw?,

b b (3.70)
08 = 2a/ [—&u“ Ad* Qpg + 0w Aw,” A *Qpg — 0w Aw®, A *an} .
M
The equation of motion is then:
d*Qfe—l—wfb/\*Qbe—wae/\*QfaED*QfE:O. (3.71)

The variation with respect to the dilational connection w involves only its curvature 2 and
immediately provides the following equation of motion (compare with Eq.(3.59)):

d+Q=0. (3.72)
The special conformal connection appears in both curvatures and its variation gives:
5% =2(5f* Ne —5f* e,
00 = —=20f% N eg,

(3.73)
=05 = / Of° N [4@ (e“ A %Quq — €® A *ch) —48e. N *Q] ,
M
which gives the following equation of motion:
2ce® A %Qeq = PBee A *Q. (3.74)

Finally, we study the equations of motion for the tetrad/translation connections. We will take
variations with respect to the tetrad components in the tetrad basis, i.e. de® = be?, eb. As we
have studied in Subsection we know that this equation will contain contributions coming
from the variation of the Hodge-star operator as in Eq.. The other part of the variation
comes from the explicit dependence of both Q[ and Q on the tetrad fields. Indeed, we have:

5L = 2 (e A o — 5e¥ A £,

(3.75)
0Q = 26e? A fq,
which gives as equations of motion: (compare with Eq.(3.24))
5! 5!
208", et + Bfem@™ = o (ﬂ[“bl”ﬁ[bm - ;Q[“”]”ﬂ[ba]m) +5 (ﬂlﬂ - 499) :
20, Q0 + BfemQ™ = a(01),' + B (D).,
(3.76)

where we indentified the Lorentz and dilational energy-momentum tensors. Using Eq.(B.7) we
can write also the other equations of motion in components (in this section we use a tetrad basis
also in form space in order to have nicer equations to read):

DaQabcd - O, (377)
9,0% =0, (3.78)
200 ;. 4 B = 0. (3.79)
Notice that symmetrizing the last equation we get the following constraint:
d —
Q%1g1e) = 0. (3.80)
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2nd step: vanishing dilational curvature

We will now solve the equations of motion, in particular we will show how the dilational cur-
vature dinamically vanishes. The Bianchi identity for a vanishing torsion reads (compare with

Eq.(3.62):
ep NPT H e AQ =0, (3.81)
or, in components:
Q%beq) = 02y (3.82)
Taking the trace in a and c gives:
Q%aa — Q%ap = —(N = 2)Qpg = =24, (3.83)

while, antisymmetrizing Eq.(3.79) and comparing with the Bianchi identity, we get:

—Q [Qdcde - Qdedc:l = ﬁﬂcey

3.84
= (BIANCHI) (20 — ) Qe = 0. (3.84)
Then, provided 2a # 3, we have:
Qup = 0 (3.85)
and Eq.(3.79) becomes:
Qdcde =0. (386)

Notice that now both Eq.(3.80) and Eq.(3.78)) are trivially solved. The Bianchi identity in

Eq.(3.82) now gives:

Now we define the Riemann curvature R%, in accordance with Eq.(2.34):
Rab = dwab + wac A wcb. (388)

We can write the Lorentz curvature components as: (compare with Eq.(3.59))

1
Qab = §Qabcdec A\ ed,

(3.89)
Q% = R%ca +2[foc0%q — foad®c — [ enpa + [ aneb] -
Plugging it in Eq.(3.86) we find (f = f%,):
Rpg =2[(N -2 + ,
bd = 2( ) foa + frival (3.90)
R=4(N-1)f.
which can be inverted to give:
o 1 R’I]ab _ 1
Jab = 2(N —2) [R“b 2(N — 1)} = 3 Rab (3.91)
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where we introduced the Schouten tensor Rqp. Inserting Eq.(3.91) in Eq.(3.89)) we finally obtain:
Qabcd = Rabcd + Rbcéad - Rbd5ac - Rac’?bd + Radﬁbc =

_ pa 1 _ R?]bc a _ Rﬁbd a a R(Sac
‘R“”XN—mesz>n>“f<&d2w>n)“ (Rczw—n e+

() -

1
—— [R®mba — R Mpe — Rpcd®y + Rpad®.] —

m [0%mbe — Mad?,] =

(3.92)
We have shown how the equations of motion force the Lorentz curvature to be equivalent to the
Weyl tensor. With all the considerations of this subsection we can rewrite the action as:

Sle®, wb.] = a/ C% AxCP, = —a/ V—gd'z C®UC ., (3.93)
M M
and the equation of motion for the spin connection is now:

D,Cbed = 0, (3.94)

Consider then Eq.(3.76). Since we have seen that fi,s = Rab, Qabjed = Cabea and 2 = 0, we
can rewrite the equation as:

RaoC = o (©1)". (3.95)
Taking the derivative of Eq.(3.94) and combining with the previous expression we obtain:
D.D,C%? 4 R,.C% = o (01)", (3.96)

which are extended Bach’s equations for which the RHS would be zero. Once again, in the
geometrical theory we find a source in the RHS, coming from the contribution of the Hodge-star
operator.

Eventhough our action is given by Eq.(3.93) and we have found Bach’s equations, the theory
is not Weyl gravity yet. The reason lies in the expression for the gauge theoretical torsion in
Eq., which is:

Tl = de® + Wl A ey + € A w. (3.97)
Since the last term is non-vanishing in general, this expression is not equivalent to the geometrical
torsion on the tangent bundle of spacetime (which would be given by the first two terms). Looking

at Eq.(3.85)) we find:
0=Q=dw+2e"Af, =

= dw + Rape® A e’ (3.98)

0= dw,
which shows that w is a closed 1-form. Supposing that we can apply Poincare Lemma, we have:
w=d¢p ¢ € C°(M). (3.99)

We know how the gauge fields change under a gauge dilation (which we have noticed still gives
a gauge invariant action), i.e.
wh = w,
e — e%e?,
f e g,

w— w + da.

(3.100)
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Choosing o = —¢ this shows we can find a gauge in which the dilational connection identically
vanishes. This gauge is called Riemannian gauge. Notice that in this gauge torsion is:

T% =0 = de® +w A e, (3.101)

which is the standard geometrical torsion as in Eq.. This implies that the spin-connection
(which is already metric compatible by definition) is also torsion-free turning it in the Levi-
Civita connection and R/ in the true Riemann curvature tensor, the same for all geometrical
quantities derived from it.

In conclusion, we have seen that another important example of a geometric Yang-Mills theory
is the Wheeler-Trujillo torsionless conformal gauge theory. The reduced gauge group is given
by the Lorentz subgroup (as it should always be for geometric theories) and dilations. The Lie
algebra metric in Eq. is invariant with repect to the transformations mentioned above for
any value of a and . For 2a # 3 we have shown how to reduce the theory to a Cartan-Weyl
gravity (i.e. a C? theory for which the Riemann tensor depends both on a non-vanishing torsion
and on the usual Levi-Civita connection). Exploiting the dilational gauge invariance, there exist
a gauge called Riemannian gauge for which the gauge theoretical and the geometrical torsion are
equivalent. Here the geometry of spacetime is actually Riemannian and the on-shell equivalence
with Weyl gravity is enstablished.

Notice that since both de Sitter and anti-de Sitter group are subgroups of SO(2,4), we can
reinterpret the conformal gauge field in such a way to obtain the same gravitational theory as in
Section [3:2) as part of the conformal Yang-Mills theory. The results don’t really differ from the
de Sitter case so we didn’t provide them explicitly but it’s really easy to convince ourselves that
calling w!®¥ = e this is actually the case.

52



Chapter 4

Hamiltonian analysis

In this chapter we are going to show how to write the Hamiltonian of such a pseudo-orthogonal
Yang-Mills Lagrangian. We will then use this Hamiltonian to analyse the constraints that arise

in phase space thanks to the degeneracy of the Lagrangian’s Hessian (i.e. det ( &Jigwj):O).

4.1 Building the Hamiltonian

This section is dedicated to the construction of a self-consistent Hamiltonian. The first thing we
need to do is to identify the Lagrangian of our theory. If this was a classical mechanics problem,
it would be trivial since we could write the action as:

S:/ dt L, (4.1)
yCM

where ¢ is the evolution parameter that parametrizes the classical path v. When one considers
field theory the situation is different. The integration in the action is extended to the whole
spacetime manifold and, in general, there is no unique and coordinate-independent way to break
the integral into space and time directions. We will then accept that in order to do so we
need to work in a coordinate frame, which we will call the researcher frame. The Hamiltonian
will be a frame dependent structure of the theory. Please notice that this has nothing to do
with the possible non-zero curvature of M. Rigid Lorentz transformations mix time and space
in a non-trivial way, which shows that also the Standard Model Hamiltonian would be frame
dependent.

Our reasoning proceeds as follow. We will consider a local chart (U, <p)E] for M so that we
can write the Yang-Mills action as:

S = —a/ Q[AB] /\*Q[AB] =
v ) (4.2)
o v B
= —a’/(U) d'z/=g|g9"g BQ[AB]HVQ[QB]} :
]

Notice that, up to now, the action is still independent from the coordinate frame we chose on
U thanks to the invariant volume element. This is because we still didn’t specify a researcher
frame. We define a researcher frame to be: a local coordinates system with a specified time (read

1We will consider this chart as covering the whole region of space-time we intend to study.
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evolution) direction. Mathematically speaking, it means that we change the integration mesure
as follows:

V—gdtz — V—gdtda®. (4.3)

(U)=R* p(U)=R xR3

Investigation on both the dependence of the time choice and the possibility to extend it globally
are ongoing. We will call the time derivatives of our fields researcher velocities and they will be
denoted by wAB. Analogously, we will call the space derivatives researcher derivations and they
will be denoted by 9;wAZ. The action can be now written as:

SwAB, GIAB) 9l AB)] — _a//
R

(4.4)

dt [ / V=9d'z (99" Qapy,n 85)
Ce(U) R3Cp(U)

In analogy with Eq.(4.1) we define the researcher Lagrangian of the pseudo-orthogonal Yang-
Mills theory to be:

L[w[AB]’U'J[ABLaiw[AB]’t] — —gdx (g“c’g”ﬁQ[AB]WQ['ig]) ) (4.5)
R3Cp(U)

In order to have a clearer notation we will now write only R™ for the integration domain, of
course one always has to keep in mind the overall dependence on the researcher frame ¢. In the
same way, we will omit the “researcher” prefix when referring to our fields or their derivatives.

We will now explicitly show the dependence of the Lagrangian on velocities and derivations
of the fields. Notice that the only components of the curvatures two-forms that depend on the
velocities are €(4pyo;- The computation proceeds as follows:

b=me /]R V=8 (99" Q255 + 00 a5 | =
=—a /]R3 V=gd’z {Q”OQOjQ[AB]qu[ﬁf] + g“ogijQ[AB]mQ[gf]Jr
+gOiQVBQ[AB]on[?ﬁB] + gjig”BQ[AB]jVQ[?ng =
— o /}R3 V—gd®z {giogjOQ[AB]iOQ[fng] +g°°gijQ[AB]mQ['3f]+
+ gkogijQ[AB]kiQ[Aof] + gmgjOQ[AB]OjQ[?f] + QOigij[AB]OjQ[?]f]"f'
+ 07 0" Qa0 +gjigkﬂQ[AB]ij[?ﬁB]:| = (4.6)
— /IR3 \/jgdiix |:2giogjOQ(AB)iOQ(€]B) + QQkogijQ(AB)kiQ(ng)+
+ googijQ[AB]OiQ[éf] + gjigOOQ[AB]jOQ[?oB] + ginOkQ[AB]jOQ[?kB]‘F
+9jigkOQ[AB]ij[?f] +9ji9le[AB]ij[?lB]} _
=—a » V=gd’z {Q(QOOQM - giogjO)Q[AB]oZ-Q[ﬁf] + 4gk09ijQ[AB]kiQ[gf]+

+ gijgle[AB]ij[?lB]].
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Introducing the notation M%7 = (g% — ¢"9¢%) we can write the Lagrangian in the more
compact form:

L A . A . A
L=—a | V=gd's 20090002057 + 46" 7 Q) + 990 Qa2 (47)
We can now find the canonical momenta II associated to our fields. In order to do so we need

to take functional derivatives of the Lagrangian with respect to the velocities. Since the metric
tensor doesn’t depend on the velocities, we find:

SL sl
.[CD] — / &’z (—4a’v/=g) [CD] [MYQap10: + 997 Qapyi] - (4.8)
(50.) R3 (5w ’u‘
Since we have: B i . ; ;
QLo = @l — 9,067 + wiaciw!Gy; — wiacye G, (4.9)
we find: "
00 (x) AB .
—opy = Al 0w —y) = ANZL 880 (@ — )8 — o). (4.10)
ow' " (y)
Plugging it in Eq.(4.8) we get the canonical momenta, namely:
oL ; ;
H[é‘D] = 50,1CD] = (—4o'v/=g) [M lQ[CD]m + 9" IQ[CD]]”‘] , (4.11)
l
oL
0o ._ _
2y = — BT = 0. (4.12)
Wo

The second equation is the primary constraint of our theory. As we shall see in a moment, we
won’t be able to invert the previous set of equations in order to find w as a function of canonical
fields and momenta.

Let’s study the Hessian of the Lagrangian, i.e.

o B 52L _Jo for (o, B) = (0, 8) or («,0),
lep} 6@%’3}6@[0517] (—4a'v=g) MY Ajapcp)  for (o, B) = (4, 5),
where we used Egs.(4.10] 4.12). Notice that one can write the Hessian as the functional

derivative of the momenta with respect to the velocities. Since it doesnt’t depend on the veloci-
ties, it is reasonable to assume the following ansatz for the momenta:

T

(AB] (4.13)

W) = Tiapy op)@'a” + Plp (@, ). (4.14)
Comparison with Egs.([4.11}}4.12) shows:
Pdpy =0,
P[CD] (4a'v/=g) [A[ABMCD]MW@%B] - (UJ[CD]i — Jiwicp)o —&-w[CA]ow[‘?D] w(C AW wt Do )Mlbr

- gkogilQ[CD]ki:|

= (—4a'v=yg) { (_aiW[CD]O + W[CA]OW[%]Z- - W[CA]Z‘W[%]O) M+ gkogilQ[CD]ki] .
(4.15)
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The last step we need to do in order to get w(w, I, z) is to find the inverse of the Hessian. Notice
that this matrix is proportional to the identity in every entry except for the spacetime indecesﬂ
We need to find the inverse of the matrix M™ . For this purpose, the following identities will be
useful:

guagozu = 6”1/7
0=0"% = ¢""ga; = ¢"90; + 9" gr;,
= ¢%gr; = —9%g0;; (4.16)

5 =9""9a5 = 9" 905 + 9" gxj,
= gzkgkj — 61]‘ _ gZOng-

We will now prove that the inverse of M% is given by Z%é.

mi 9k 00 mi 9k  mo 109k

gOO 900 gOO

=0 (976" — 9™ gor) — 9™ (=9 g0r)] = 8",

(4.17)

which implies that we can express the velocities (clearly except for w[‘gB]) in terms of the momenta

(compare with Eq.(£.14)):
iopi = (—4a/v=g) " ng]f) (H[ép} - P[CZ'D]) : (4.18)
Notice that plugging Eq. into Eq. we find:
Qopion = (—4a’v=g) " z% (H[(l;m + 4al\/jggkogilQ[CD]ki) ; (4.19)
which is the only composite field in the Lagrangian that depends on the velocities.

We are now going to rewrite the Lagrangian in Eq.(4.7) as a function of fields and momenta.
For the sake of clarity we are going to work it out step by step.

ij ij 9li -1 s
MY apj0i =M ]900 (—4a'v/—g) (H[AB] +4a'y/=gg"g lQ[AB]ks) =

= (—40/\/—751)_1 (H[jB] + 4a/\/jggkogsz[AB]ks) ,

ij A —2 ; i g1
M7 = (~da'v=g) (H[iB} +4a'v/=g9"g JQ[AB]kS) g% (H[AB” + 4a’\/jggpog”Q[Apf]) -
—2 1 . R A
= (—4a’v=g) [H[IZ\B]H[AB]I + SQ/HH[jB]gkOQ iql kf]—F
2 - A qgij
+ (~40'v/=9)" ("9 Qpapns) (979257 ] 00

—1 ;
Q[AB]MQ[?)?] = (—40/\/—9) %Q[AB]M (H[AB]l + 40’y —ggsogtlg[étB]) . (4.21)

?Notice that in Eq.(4.13)) we omitted the Dirac-delta in local coordinates space eventhough technically it would
be there.
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The Lagrangian can be rewritten as follows:
g j s
L :/]R3 d3:c{ (—2cx F) 2 L (—4a'V/—g) {H[jB]H[AB” JrSO/\/ng[jB]gkOg lQ[iE]Jr
Ao/ = k0 ;57 () 0 tlQ[AB]
+ (—4a'v=9)" (¢"°9" Qanps) (979" Q45 |+
-1 i s qgii
+ (—4a'v/=g) {(*40/\/?9) 979" Qapki (H[AB” +4a/y/—gggtalt? ]ﬂ gf(lﬂﬁ
—a'y—yg [Qijgle[AB]ij[?qu } =
1 1 .
:/RB d%{ {2 (—4a’vV=g)~ g“ 2T T ] +2a ﬂgé{) ("9 Qamra) (979" Q1) | +
— o=y {gijgle[AB]ij ;1[3} }
(4.22)

and it doesn’t depend on the velocities anymore. We can now do the Legendre transformation
to get the Hamiltonian, i.e. H = Ilw — L.

glj +

—4a'\/—g o ij s A
_ [( : ) H[iB]H[AB]l+2a/\/jg(gk(]g JW[AB]Im‘) (g OgtlQ[stB])

+ad ﬁ_ggijgle[AB“kQ[fi\lB]} _

-1
_ B L V_g)H l H[CD]kgll o (_4:0/\/_7)711_I 1 P[C'D]kgi o [CD]H
 Jre 2 [cD] 900 g [CD] 400 ot

—20/vV=9 (9" 9" Y apr:) (gsog”Q[Z‘tB ]) 5” + /99" g" Qa2 ]}
(4.23)
Since H still depends on some velocities, it is not a proper Hamiltonian. We will now follow
Dirac’s procedure to show that H doesn’t depend on the velocities on-shell and we will define
then a generalized Hamiltonian. Dirac’s reasoning goes as follows[7]. Let’s consider the variation
of the functional IIw — L under an infinitesimal change in all its argument:

oL oL
. [CD] . [CD] ©D] _ [cD]
)w v 1D (5“’ o ) 5cC D] 0w 5.,1D] owty,
m

S(I s pye

ISP Lw, @) = (T4,
e . C
= 5(H[(I;D])W[HD] - H[gD]&"‘)[#D
(4.24)

where we used both the momenta definition and the Euler-lagrange equations jt % = %.
Wi

The previous equation shows that H doesn’t depend on the velocities when the equations of
motion are satisfied. In non-constrained systems one would then match the terms in Eq.
with the (functional) derivatives of the Hamiltonian to get the canonical Hamilton’s equations.
However, when constraints are present, the variation of the fields are no longer independent.
Indeed, consider a general constraint of the general form ¢(w,II) = 0. Then it follows:

00 s D] 4 0¢

Sw [CD o1 gD]

oIl gD]

0, (4.25)
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which shows that the variation are no longer independent. Now we can compare the variation
in Eq.(4.24)) with the variation of the Hamiltonian plus an arbitrary function of spacetime u
(actually it will be defined on the researcher frame) multypling the identity in Eq.(4.25). We
find:

. o o¢
CcD cD
§(I1 [CD]) WDl _ H I 6w[ | = 6H +u (5 [00]5 wlCD] STTE 6H[5‘D]> (4.26)
(€D]
which shows that the Hamilton’s equations of motion are given by:
0H 0]
e
w[uD]: 6H.u +U6Hﬂ R
[CD] (CD] (4.27)
I P oH 110, .
(CD) 5W[2D] 5“’[00
We then define the total Hamiltonian to be:
Hr = H(w,TT*) + ugp(w, 1), (4.28)

where IT¥ stands for the uncostrained momenta. Notice that Hyp is on-shell equivalent to the
original Hamiltonian that depends on the velocities. We can now rewrite the equations of motion
in terms of Poisson brackets, namely:

- [CD CD .
WGPl = {w[ﬂ ],HT}, I, { [CD],HT} (4.29)

For our theory the constraints are ¢jcp) = H[CQ D] = 0, which shows that our total Hamiltonian
is given by:

Ao/ =)t )
Hyp :/]R3 de{MPH[éD]H[CD]kggf) — (~4a'/=g) 1H[éD]P[CD]k§lk+

; 4.30
~20'V=5 (679" Qampa) (979" ) 705 + o'V =997 0" Vapn ]} (430

ulPl gy,

where the last term stands for all the Lagrange multipliers and constraints that will arise during
the analysis of the primary constraints above. The e.o.m. are given by Eq.(4.29). From the
Hamiltonian one can already see a potential problem of our theory. Notice that we can rewrite
the first two terms in Eq.(4.30) as:

/]R3 (_40/ /jg)—l ‘leIB [(H[éD] _ P[CD]I) (H[CD]k _ P[CD]k) _ P[CD]ZP[gD]} 7 (4.31)

which is the kinetic energy (first term) and the left over from completing the square (second
term). Since for pseudo-orthogonal groups the metric in Lie algebra space we use is often a
indefinite inner product, we will have kinetic instabilities in the theory, i.e. fields for which
the kinetic energy comes with the wrong sign in the total hamiltonian. Notice that there is no
indefiniteness coming from the inner product in spacetime indeces. This is due to the presence
of the primary constraints that force the timelike component of the momenta to vanish. In
the constraints analysis we will give we won’t find any constraint able to declare the kinetic
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instabilities unphysical. However, the presence of second-class constraints suggests that the
simplectic structure of phase space is not canonical and thus not all hope is gone that after
one properly identifies the physical phase space of the theory there won’t be this kind of issues.
After all, we have shown in Section [3.2] that the torsionless low energy limit of de Sitter theory
coincides with general relativity so we expect at least a portion of physical phase space to be
stable and possibly closed with respect to the evolution.

4.2 Constraints analysis

In this section we are going to study the self-consistency of the theory. In particular we are going
to verify the conditions under which the evolution preserves the primary constraints we’ve found
in the previous section. Since the constraints are given by ¢;cp) = H[g D] = 0, the self-consistency

condition is given by q.b[c p) = 0, or, equivalently:

0Hp

CD]’
5s1CP)

0~ gicp) = {(/’)[CD],HT} = {H[gp]aHT} =— (4.32)

We will solve the previous equation first for non-tetrad fields and then for the tetrad.

4.2.1 Secondary constraints for non-tetrad fields

Focusing on the non-tetrad fields, it is evident that the only contribution to Eq.(4.32) comes
from the second term in Eq.(4.30)), i.e.

-1 ik i CcD (e} AD C AD
(_40/ /jg) H[CIJ’D]ﬁP[CD]k :H[CD] <_aiw[o ] +w[A]0w[i | _W[A]iw[o ]) +
(4.33)

m0 i CcD] ik
+9™yg kQ[mi]gﬁH[(lJDy

Here, and everywhere in this subsection, the indeces [C, D] stand for non-tetrad fields only. Since
Q[CkiD] doesn’t depend on w[gD], only the first line actually contributes. The secondary constraint

for non tetrad fields is then (after one integration by part and dismissing boundary terms):

0~ _W = DzH[CD] = |:87'H[CD] + H[CA]w[D P w C]iH[AD]j| , (434)
0

which corresponds to a generalized Gauss law. Notice that the adjective generalized stands both
for the generalized ”electric field” (¢ pyo;), that one has because the gauge theory is not abelian,
and the generalized canonical momenta which is a non-trivial combination of generalized electric
and magnetic fields if the metric tensor has non-zero components of the kind ¢?° (for example
Kerr’s Black Holes), and it is this combination that is source-free in the vacuum. Notice that
this is not a consequence of the geometrical nature of the theory but it comes from the fact that
our fields have support on arbitrary Lorentzian manifold and not on Minkowski spacetime. It
will follow a second constraints analysis as in Eq..

4.2.2 Secondary constraints for tetrad fields

Since the metric tensor depends on the tetrad fields, the identification of the secondary constraints
will take more efforts than for the non-tetrad case. Notice that we can decompose the variation
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of the Hamiltonian with respect to the tetrad as follows:

5HT - (5HT 89“‘” (SHT
dea, — Sgm dev,  de

(4.35)

o .
v lghv fixed

The second term is the same one would have for the other gauge connection (in the following we
assume e® = wl'¥). Tt follows that we have:

SHr
de?,

= —Din[.g]. (4.36)
gV fixed

The variation with respect to g"” is quite involved, we will tackle the problem in several
steps. Let us introduce the following notation (compare with Eq.(4.15))):

5 -1 i A i
Pépy = (—4d'v=g) " Pfp =M" <_aiw[CD]0 + W[CA]OW[D]Z- = W[CA]M[AD]O) + g"¢" Qi piri-

(4.37)
Then we have:
0Hr _ 3 [ 0(—4dy —9)_1 L gk [CD]k ’ -11 ?TIB l [CD]k
S /]R @ “f{(;gw 5 oo oI 4 (—da'y/=g) = 5= TG, +
s SPICOE  §5(20/\/=9) | 1o 1 .
1l g [cDlk _ 1yt 9k _ 9) [ k0 _ij _ ( s0 t1lAB]\ 9l
iep 5g;wP iep, g0 ggn Sghv (9"°97 Quam) (979" Q75 )goo+

g0 gii

1 , g
~ (2ary=g) 22 S L0 (979 07) 56 = (20'V=9) (69" Opama) (97" ) 525

gij
3%

dghv

+ %g” A ap 7 + Q'NWQ[ABWQ[?IB]} =

:/}R:3 d%{ [(_40/\/_73)2_2 (—4a) %H[éD]H[CD]’“ — 20/ ("9 apii) (9509”9[2‘?]) %JF
+ a’gijgle[AB]ij[?zB]} 55;?"‘
n [WH[éD]H[CD]j — H[éD]P[CD]j —2a'\/—g (gkogijQ[AB]ki) (gsogtlQ[étB])}
— H[éD]ggBMZ[;jw + (—4a'v/=9) WQ[AB]M (gsogtlQ[éfﬂ) 2%"‘
+a'v—g ’ (gsﬁkl) Qpap 2y }

(4.38)
We will now provide some useful intermediate formulas. Introduce the notation Dy, = §” (;/501/)

so that we can write:
39°° (x)

5g" (y)

=D} 5(z — ). (4.39)
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We omit the delta Dirac for convenience.

i W =
Ny 5

Sghv 2
SMH , . . _
S — gllDogy +gOODzl,uV _ glODl%y _ gZODl(LV7
g
4.40)
) aff po (
(gag,i ) _ Dofygpa +Dpzygaﬁ,
5%% _ 9wk 9k oo
59’“’ 900 (900)2 22

Plugging this formulas into Eq.(4.38) one gets the variation of Hp with respect to the metric
tensor in a completely generic pseudo-orthogonal Yang-Mills theory (not even geometric). How-
ever, let us first contract Eq.(4.40) with the variations of the metric tensor with respect to the

tetrad which is:
oghv

a
567

=—g"e,” —¢g"e . (4.41)

In this way the computation will be a little bit shorter. We get:

5v/=g 1
I 2 g0 (20" = V=ge,°,

de 0 2
SMH __( ilpoo | 00l 00 _ i0 [lo )( Hg v 4 o0 u) _
5€a0 - g % g puv g % g % g a g a -
—_ |4 (2900%0) 1 g% (giOeal +gloeai) _ gl (gioeao Jrgooeai) _gi° (gloeao +gooeal)
—_9 [googil _ glogiO] eao _ (googio _ g¢0900) eal + (glogoo _ 910900) eai _
— 2Mil€a0,
3 (979"
(66 - ) — _ [(gaOea,@ +gﬁoeaa) ng' + (gpoeaa +gUOeap) ga,@] ,
a
5%—+200607g”€ —&-1( + ) (6"%e,” + "Oe“)—le—keo
56110 - 9 €a (g00)2 2 Gip9vk T GivGuk) \9" €4 g €)= g00 e
(4.42)
Comparing this formula with Eq.(4.37) we get:
5151 Sakv  SMi §5a%0 gil
[cD] 0™ _ A A g g o
5S¢ 5e0 e (—azwwmo +wicaw py; — Wicaliw D]O) e hepiki =
cD A A ;
= (00" + wioapw' Gy, — wioaw ) (—2M"e,”) +
) ) | ) (4.43)
o Q[CD]ki (gkngleaO +googzleak +gkngOeal _’_gkOgloeal)

= (—&w[(ém + W[CA]OW[?)]i — W[CA]W[%]O) (—2M“eao) +

kO 10 )
)

— Qop)ki (gkOgileaO +googileak + gh0gl0 i

where we used the antysymmetry of € in the spacetime indeces. Before contracting with ‘!’J’T’g we
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will show these useful identities (compare with Eq.(4.16])):

glmgkogil _ 5imgk0 o giogo’m’gko7
99" g = 9°°6* . — 9”9 gom. (4.44)

7" 91mg" = =" 4% gom.

We find:

Jim 5P[CI‘D] agh”

_osi [CD] [A [A 0
990 Sgi G0 =26",, (@w 0 =~ WcAW pj; + wioapw D]O) e, +

(cD]
+ _;80 [(6%09™ = 9" 90mg™) €,” + 9% (8", — 9 90m) €.” — 69" gome,'] =

[CD]
i cD A A Q% Y
=2 m (aiw[o ] - oJ[C'A]O"“][D]i + OJ[C’A]i"‘][[)]()) eao - g(l)co [<gk06a0 + 9006ak‘) 4 m] ;
(4.45)
SPL oy sqnv 0lCDIyy i
m 9im 7 [CD] 09" i [CD] A (A 0 ki ~[CD] (ko _ 0 00, k
[€D]' 400~ §gmv §e 0 21L¢ py (&'W 0 T WcAw py; T wcaw D}) €aq T (9", + 9%¢,") .

(4.46)

62



Now we can plug all the intermediate steps into Eq.(4.38) to get:

dHp (—4a'y/=g) " (—4d'V/=3) gix ij s AB] i
e :{ { )_2( )QOOH[éD]l'I[CD]’C —2a'v/=g (9" 9”7 Qapk:) (9 OgtlQ[sf]> gTJ(H'

+ad ﬁ_ggijgle[AB]ij[?lB]] €a0+

_40/ —g -1 . ~ . .. A .
+ [( \/2 ) H[éD]H[CD]] _H[éD]P[CD]j —2a'\/=g (Qkogng[AB]ki) (gsogtlQ[sf])] (23(1)%%0) n

CD i
ol

D] e c 1A [CD] (
g0

- DiH[-Z] - 2H[éD] (&w[g —w A]Ow[AD]i +w W D]o) e + 9"’ + gooeak) +
s AB ij ij 0, j jo i\ 9ij
— (~40'v=9) Quappi (909" ) (6797 e, + 9™ e} + g9 e,) + g9 %,) 00T
i j j [ 79 AB
—a'vV=g [(970% + ¢7%,) ¢ + (9, + g°¢.*) 9] Qa2 ]} =

(—40/./—9)71 . [(CD]k 9lk / kO ij 50 _tlo[AB]\ 9ij
= | - fﬂ[cmﬂ gﬁ —2a'y/—g (g g Q[AB]ki) (9 g9 Vg )ﬁJF

. . —da’/— -1 . - .
+al\/jgg”gle[AB]ij[?lB] + 2;]% <(29)H{Cl;'D]H[CD]j o H[Cl;'D]P[CD]]+

— 924/ /jg (gkogijQ[AB]ki) <gsOgtlQ[gtB])) _ 2H[é’D] (avw[CO'D] _ w[CA]Ow[?D] + w[i]lw[ng]) +
kO
+ Q[izp]n[émiﬁ — (—4a'v=9) ¢*°Qapu (9809”9[12?}) } e+

i CD]17 4 —4a'\/—g s i i i
~ DiII L + Q[ki ]H[CD]eak _ (goo)Q[AB]ki (g OgtlQ[/;f]) {eakgoo (5, — 6°g01) — 99 gore, } I

i j 0 i ij A
—d'vV=g (97 +¢%,") ¢" + (9", + 9"%,") g"] Q[AB]ij[ilB]} =
i C i s
:{ — DIl + [Q[kiD]H[CD] - (—40/\/—g) QaBk (g OgtlQ[étB]) ]eak-F
- al\/jg I:(gioeaj + gjoeai) gkl + (gkoeal + gloeak> g”] Q[AB]]kQ[?lB]+

(—4a'y=g)"" 9l ij s AB]\ 9
+ ea0|: 5 H[(IJD}H[CD]JQTJO —6a'v=9 (6"°97 Qapyki) (9 OgtlQ[stB]) gT%"‘

k0
.. A C . g s
+ alv—QQZ]gle[AB]ij[uB] - Q[kiD]H[éD] 7900 - (_40‘/\/ —9) gkOQ[AB]kl (g OgtlQ[éf]) } } =
i i s A
:{ — DIl + l:Q(iiD)H(CD) — (—40'vV=9) Qapu (9 OgtlQ(stB)> } e, +
—a'vV=g [(97% + g7%,) g + (9, + g°¢,") 9] Quam T+

(—4a/\/=g)"" P g y s AB]\ 915
+e,’ {2H[éD]H[CD]JgojO —20/v/=g (6" 9" Qapki) (g 04101 }) gT{)""

kO
ij ki AB CDlyp i 9 ~
+a'v/=gg" g Qamu @y - QY] ]H[CD]gOO} } 0
(4.47)
These are the secondary constraints associated to the tetrad fields. The generalized electric field
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for the tetrad obeys a wvery generalized Gauss law and it is not source-free in the vacuum. In
deriving the previous equation we used the following result:

mm 9k peDl _ i (_g.,CD) I [ADI _ [C | [AD] 9" (6%, — 9"gom) (cD] _
[@D] goo [CD] ( W T W W WAoo ) + 400 itpw'y =
g0
=1 ( w57 + w[i]ow[?m - w[i]z [AD}) + *H CD]Q el
(4.48)

4.2.3 Analysis of secondary constraints

The goal of this subsection is to study the secondary constraints of the theory, establish their
class and see if they bring new constraints or not. We start with non-tetrad fields. Notice that
we can rewrite the secondary constraints in Eq.(4.34) as:

2 i 1 LM i
Ofie = Ol p) + 2 canvqase’s TN, (4.49)

where we used: .

3ClCDBF)AB] AlCPIBIEF] = A[AC]B[CI;] - A[BC]B[?;]' (4.50)

Before computing the Poisson brackets as in Eq.(4.32)), we give two important property concern-
ing the delta Dirac and its derivatives:

[f(y) = f(2)] 0:6(x — y) = f'(z)d(x — y), (4.51)
0u0(x — ) + 8,0(z — ) = 0, (4.52)

which are to be intendend in the distributional sense. We will know prove them against well-
behaved test functions of both z and y.

(4.54)
In this way we proved Eq.(4.51), now we go on with the second property. Notice that since
Eq.(4.52)) is symmetric in « and y, we just need to prove it once.

/da:f [020(z — 1) + 0,0(x — 1) /dxf w—y)+8y/d”ff<x)5<x‘y): (4.55)
y)+ f'(y) =0,

so that we concluded our proof.
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We will now establish the class of these constraints. In order to do so we need to compute the

Poisson brackets between the constraints. It is evident that Eq. lb doesn’t depend on w[’SB].
This implies that the Poisson brackets between primary and secondary constraints vanish. We
will now compute the Poisson brackets between secondary constraints:

(o020} ~{a

+

o)
=

C[LJVI}[NQ][AB]{W%M]( N (), o1l (jj'D]( )}JF

_|_

CILMI[NQI[ABIC[PR)[ST)(CD] {w[?M] ()TN (27), D (g STV (y)} =

crapNQiepOF (6(z — y)) IN@i(y)

1
+ 5ceninQlan 9 (6(z —y))

»P\HL\D\H ,,;;m_n DO | =

+

1 7 % T
D) [AB][CD]NQ]{ [H[NQ] (y) — Hing (Jf)} 97 (0(z —y)) +

)_\

+ ewarsive' s (@)l [ST“(x)é(x—y)} =

1

T 1 LM i
3 Camicn) [‘9 Mg (@) + *C[LMMSTMNQ]W[ N (2)mls7) (x)] Sz —y) =

1 NQ] ,(2)
=5amcol  Png (@)

[NQ] non-tetrad

1 La pory @
~ae [AB][CD]q DiIL g (z)o(z —y),
(4.56)
where we used the total antisymmetry of the structure constants, the Jacobi identity and

Fos (T51)- (C52).

It follows that the secondary constraints for non-tetrad fields are second-class in general. In
particular, we find that Eq.(4.56|) doesn’t vanish in the following cases:

o if [AB] =[-1,b] and [CD] = [-1,4];
e if [AB] = [ab] and [C'D] = [-d].

Before computing the self-consistency condition for tetrad fields, we provide the following nota-
tion:

¢(2) Gauss =D, H[ o (457)
source C i s A
o) _ [Q<MD>H(5D) ~ (—4a'v=F) Qamn ( 4 gtlQ(stB)) :|eak N
=g [(gioeaj Jrgjoeai) gkl + (gkoeal Jrgloeaic) gij] Q(AB)ij(?lB)JF

-1
e 0 (—40'v=9) L TICDI I o0 /=4 (gk04ii0) N (50t AB) 9L
€a 9 (CD) goo « g (g g (AB)kz) g g st go()+

kO
Iy A i 9
+ CV/ —4g9 ]gle(AB)ij(ilB) - Q(if))H(CD) g()0:| .
(4.58)
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The self-consistency conditions for non-tetrad secondary constraints are:
) 1 . '
{(bEP)R]’HT} =0; {H[}R]7H} + SCLMNQPR HH[NQ]17H}M[€M] n H[NQ]z{w[gM]’H}} N

+ [ o [urenfol o, b {ofaien @, + {off ey, | ~

oH oH (LM] Nou OH
~—0; + SCLMNQIPR] |~ T e e
6w[li3R] o CILM][NQ][PR] SWINQJi | g fixed H[LM]
1 (5H 89‘“’ [LIM] N[CD 1 [ ] i
~ 5CLM][q)[PE] g Doy iw i 4+ @1 ]§C[PR][CD]Q DL+

n /R3 B u(z)[.d]{d)fi)l? ,¢(2)€ource} ~0.
(4.59)

We will carry on the computation in several steps for the sake of clarity. We find (compare with

Eq.(B.9)):
5H ng a a gaO 1 7
Ou Ty ~Oa0n { 40 (T + 40’ V=3"g" Q[PR]kp)} — 00 {goo (Mg + 40 V=34"g" Q[PR]kp)] +
— 000 (4'V/= 99" g™ Vpryji) +

1 a0 ) )
+ 2C[LM][NQMPR]{ — 04 (H[LM]“w“(YQ]) + 0, BOO (H[LM]ZCU[]Z-V Q4 4a',ﬁggkogmg[§cgﬂw[2vcz])] N

_a, i’;f (TiE Y 4a’\/fggkogpaQ[Lk§”w“XnQ])_ ~ 0, (10’ y=gg gl } _
senaroa{ =, (W) 0, 15 (M st =gt ) 4
_ o, _gg?;) (H[LM]aw[%Q] +4a/\/jggkogpag[ll;2ﬂw[1xf)]>- —a, (4a/\/jggajgklg[ljj£/f]w[lva]> :
) ;ﬂo (4.60)
S CLMINQIPA] 535@]2, » ﬁxedw[ﬁM] ; cnanayrr@'s ]{&n Boo R T ]ﬂ +

— 87n |:g <H[NQ]m +40{ [ gk(]gme [NQ] >:| + 8l (40[ ngjgklw[Jng]) }

1 [5T]_[BF] Lai, (NG
+ ACIBFISTIPRIC LM NG i — ey 0o+

+9 (H[LM]l NQI 4 40! /=ggtogrialh M, [NQ])
9%

gm % % m
e (H[LM] Wi+ 4ol v/ =gg" g Q[Lk;w]ww@]) N

— 4a/\/fggijgklg[§2/[]w[fl\m?] };

(4.61)
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1 oH 1 y LM 1 i —1 9ik
3 v pr I ST §C[LM][NQ][PR]HNQ diwlh ]+§CEF[ST][PR]H[ST] {(—80/\/—9) 1ﬁH[EF]k+
(LM]
1 mF) (m] (NQ] 9™ EF]
Canvg o Wi = g e =
_1 vaig, M 1 miszif L (EF] [LM]_[NQ]
5 CILM]INQ][PR] wls T 5 CEF[STI[PR] ~3%mmNg Wo Wi
_gMJQ[EF}}
gOO me :
(4.62)

Putting all together we finally find:
mO0
(2) L [LM] _ M) |9 NQJi kO pi [N Q] NQJi 0
(i S 1) [ (2] - o).

+ (40&’\/—799(”9“9[;2/1]) aIWUlVQ]}"'

[EF]H[LM]Z [N Q]|:

+
E

[ST] [ST]
CIEF|[ST|PRIC|LMNG]  — CISTILM][PRIC|NQ)EF) }+

+

INQ INQ i KlOILM] [NQ]
CEF|STIPRICLM][AB]  — CIABIINQIIPRICL M][EF] >(4a'\/*99j9 Q7w )+

+
| = 00| = s |

NQ Q
C[EF][NQ][PR]C[LM][AB[’] I ClAB][NQI[PR]C[L M) [E1~£] ])

T~

. {w[

Fl [AB]g o (H[LM]i +4a'\/799kogpiQ[Lk£ﬂ)} — EC[EF][ST][PR]in[STZQ[EF]
g

% CILM][-q][PR] ;g{i 835[/“/ [?M] + u(2)[CD]%C[PR][CD[]q]DZ_H[_Z] ~
~ - % cnvarre' s DN e nivapra’ V=g gt ol
+ % [LJV[][NQ][PR]Q[Lm]\ZI]‘Z;;) (H[NQ] + 4o/ \ﬁgkong[NQ]) - EC[EF][ST][PR]iH[ST]ZQ[EF]
% CILM][-q][PR) 52ﬁ£ [LM] + 4 ICD] 16[ ][CD[] ]Diﬂ[.’,ﬂ ~

~ (u(2)[cD] _w[CO'D]> 1 1 oH 891‘ [LM]

[-q]
CPR)[CD] D; H[q] [LM][q (PRI s SgH Buw.q +

3 2)[-d (2)source |
+ Rgda&u( ) ]{(bf ,¢[) }NO.

(4.63)
There are no new constraints associated with the non-tetrad fields. Indeed, they provide restric-
tions on the choice of the arbitrary functions u(?[“P! for [C'D] being as mentioned above. Notice
that the arbitrary functions of spacetime related to the Lorentzian Gauss Law are still free. It
happens because, as one can see from the structure constants of pseudo-orthogonal groups and
Eq., their self-consistency condition fixes the functions u(®[4. This reflects the property
of geometric gauge theories which are in general symmetric only with respect to the subgroup
of the total gauge group that leaves the metric tensor invariant. In our case it is clear from
the gauge transformation of the tetrad-connection fields that this subgroup corresponds to the
Lorentz group.

We now proceed with the tetrad secondary constraints. Since qbﬁ)] oM depends on the
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metric, it also depends on w['g I =

€% . In particular, we find:
{oh.oi} 2o (464)

which gives for their self-consistency conditions:

/Rg B [U(l)['b]{¢[2.a]a¢flb)]} + {¢%a],u(2)[CD]¢fé)D]}] + {¢E?,3]7H} ~ 0. (4.65)

It follows that these four equations will fix the four arbitrary functions w1l

In conclusion, we have shown that the secondary constraints of the theory don’t generate
any new constraint on phase space. The self-consistency conditions provide equations for the
arbitrary functions v in the Hamiltonian in the following sense:

e Eq.(4.63) for [—1,4] relates the functions u(®[=1el (or «PWMal if [.4] = [~14]);
e Eq.(4.63) for [~1a] (or [4a] if [-a] = [~1a]) fixes the function uP[~14];

e Eq.(4.63) for [ab] fixes the functions u(?[al;
e Eq.(4.65) for [-a] fixes the functions u(Ml?),

The only arbitrary Lagrange multipliers we are left with are the ones corresponding to the Lorentz
group. Once again we find that the gauge symmetry of our theory, and in particular of its
phase space, is given in general by the Lorentz subgroup. We can now consider the Hamiltonian
definition as complete and self-consistent with respect to the action formalism provided in Section
We have shown that the Hamiltonian formalism breaks coordinate invariance of the theory
but not of the dynamics, since it can be proved (by means of an exhausting computation)
that the equations of motion obtained by variation of the action in Eq. are the same one
gets from the simplectic structure in Eq7 in particular they are covariant with respect to
change of coordinates. The kinetic energy in Eq. shows that there are no Ostrogradski
kind of instabilities but the non-compact nature of pseudo-orthogonal groups gives rise to kinetic
instabilities. We have established the presence of primary and secondary constraints on phase
space which are both first and second-class. In order to solve the constraintﬂ it will be necessary
the introduction of the Dirac bracket. After the Dirac procedure is complete, one will have
defined the physical phase space of the theory on which the Dirac brackets will impose a non-
canonical simplectic geometry. The next step would then be to start the process of canonical
quantization. The classical kinetic instabilities should turn in unitarity problems of the quantum
theory. Perhaps, constraining the Lie algebra norm of the physical momenta to be definite
positive throughout evolution could show that at least a portion of phase space is stable.
Notice that most of the reasoning of this chapter could be used, by properly adapting the
notation, to describe the Hamiltonian of any Yang-Mills theory in curved spacetime. Indeed,
a lot of the formulas we used as intermediate steps don’t require the presence of the gauge
theoretical metric. It is the introduction of the gauge tetrad fields that complicates the structure
of phase space. Even in curved spacetime and with a dynamical metric, one can use our formulas
to convince themselves that the primary and secondary constraints would be all first class. In
the case of compact Yang-Mills theories (i.e. with compact gauge group G), the Hamiltonian
formalism we provided is already complete. This is because the compactness of the gauge group

3By solving the constraints we mean using the relations ¢[cp) in order to express the dynamics only in terms
of physical variables
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allows us to define a gauge invariant and positive definite inner product in Lie algebra space.
Moreover, since the constraints would all be first class, they can be immediately solved and
taking the quotient of what’s left of phase space with respect to the gauge transformations one
can immediately define the physical phase space of the theory. In particular, one can do it also
in the presence of the Hilbert action in the Palatini formalism by adapting the notation we used
throughout this chapter. We believe that the reasoning applied throughout this final chapter
could be very useful in the general setting of being able to provide a Hamiltonian treatment for
generic Yang-Mills theories (as the Standard Model) in dynamical spacetime without using the
well-known ADM decomposition.
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Conclusion

The main goal of this thesis was to reformulate general relativity in the context of Yang-Mills
theories. Indeed, it is well-known that Einstein’s theory suffers from singularity problems (see
[5]) and it is been proved that the theory is not renormalizable (see [1] for a review). Knowing
that gravity can be formulated as an effective field theory|2|, we showed that it is possible to
formulate GR as a constrained version of some more general theory in its low energy limit.

Throughout this thesis we have shown the intimate relation between pseudo-orthogonal Yang-
Mills gauge fields and gravitational theories. In order to introduce a gauge theoretical cotetrad
fields, we have developed a new class of theories, geometrical Yang-Mills theories. Defining the
metric through these particular gauge fields requires the introduction of a mass parameter which
will take the role of a gauge theoretical Planck mass. The geometrical action one obtains will be
generically invariant only with respect to the Lorentz subgroup. However, we have shown that
the invariant subgroup can be extended, for instance for Wheeler-Trujillo gravity[§| this also
includes local dilations. The equations of motion one obtains are the standard curved spacetime
generalization of the well-known Yang-Mills equations. In the case of the tetrad fields, one sees
that these fields are sourced in the vacuum by a energy-momentum tensor related to the field
strength of our gauge connection.

The main result of the thesis is the de Sitter gauge theory we developed in Section [3.2] The
tosionless low energy limit of the theory coincides with general relativity with the appearance of
a positive gauge theoretical cosmological constant. This result allows us to consider Einstein’s
theory of gravity as part of a more general Lorentz invariant de Sitter Yang-Mills theory. We
argue that the theory might be renormalizable since the vertex structure of the theory is essen-
tially the same as ordinary flat-space Yang-Mills theories. However, since we studied arbitrary
curved spacetimes, there could be new counterterms associated to the non-trivial geometry of
the spacetime as in Subsection [2.2.2] We believe that this counterterms could be added to the
theory using our geometrical Yang-Mills formalism, so that they shouldn’t provide any Ostro-
gradsky instability as we have shown in Chapter [dl Using the conformal group as gauge group,
we have shown that one can use our formalism to recover Weyl squared gravity, which is needed
to provide the necessary counterterms to the curved spacetime generalizations of standard renor-
malizable flat-space theories (such as quartic scalar field theory). These results inspire us to say
that geometrical Yang-Mills theories could be an useful formulation of gravitational theories in
general.

We provided the first steps towards canonical quantization ([,] = ¢h{, }) building the Hamil-
tonian and studying the phase space of the theory. Since pseudo-orthogonal groups are non-
compact Lie groups, the Killing form we use in Lie algebra space gives rise to an indefinite inner
product. This means that some fields will pick the wrong sign in the kinetic energy and they
could generate instability problems in the theory. However, as one can see from the kinetic
energy of the theory, there is no sign of Ostrogradsky instabilities in the theory at hand, as
we originally expected since Yang-Mills theories consider the Riemann squared term in the first
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order formalism. As it is usually the case with gauge theories, we find both primary and sec-
ondary constraints. They are both first and second-class constraints and their self-consistency
conditions reduce the gauge redundancy in phase space to the Lorentz subgroup of our original
gauge group. Once again we see that the introduction of the gauge cotetrad fields reduces the
original gauge symmetry of the theory. There are no new constraints arising in phase space and
thus the Hamiltonian we provide is complete.

The natural next step of this research would be to try to solve the kinetic issue we have
discussed above. The presence of second-class constraints shows that one need the formalism of
Dirac brackets to properly solve the constraints without changing the dynamics. The simplectic
geometry one would find at the end of this process will in general be different from the standard
one given by canonical Poisson brackets. The hope is that, after one is able to solve the constraints
using Dirac’s procedure and to properly identify physical phase-space taking the quotient with
respect to the residual gauge symmetry, the unstable fields would turn unphysical or harmless at
least. The hope is that gauge symmetry will prevent these classical instabilities from developing.
Another possible solution would be to start the process of canonical quantization using the
Hamiltonian and simplectic structure we provided. On the Hilbert space of states one can then
find a way to keep the ghost fields (i.e. the quantum analogous of the classical kinetic instability)
away from the dynamics resulting in a unitary S-matrix. If this is done without spoiling the
symmetry of the theory, the procedure should provide a self-consistent gauge invariant quantum
theory for which the correspondence with general relativity is established at the classical level.
In the end, one could also study the effect of the Riemann squared term in de Sitter gauge
gravity in situations for which it is natural to expect a curvature of the same order of magnitude
of the Planck mass. This could give interesting contributions expecially in regions of spacetime
close to GR singularities, perhaps preventing their formation or modifying the structure of event
horizons.

In conclusion, we provided a new formalism for which interesting results can be found in the
context of gravitational theoires. We have showed another way of deriving general relativity out
of the geometrical gauge principle and we have provided a consistent Hamiltonian framework
suitable for any Yang-Mills theory in dynamical curved spacetime.
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Appendix A

Pseudo-orthogonal groups and
bundles

A.1 Pseudo-orthogonal groups

In this section we are going to define pseudo-orthogonal groups and study their properties.
Consider the vector space RY equipped with the following metric (in the canonical cartesian
basis):
n = diag(—1,..,—1,+1,...,+1), (A1)
\T/ \T/

with S + T = N. This inner product turns RY into the (pseudo-)normed vector space RS7
(for S =1 and T' = 3 we get Minkowski space time). We define the (fundamental rep of the)
pseudo-orthogonal group O(S,T) as the set of transformations on R%7 that leave the inner
product n(X,Y) invariant, X,Y € R%T ie. n(A-X,A-Y) = n(X,Y), A € O(S,T). It
can be proved that pseudo-orthogonal groups are Lie groups. It seems then natural to look
at transformations infinitesimally close to the identity in order to identify their generators, i.e.
A% = 6% +aM% + O(a?). We get:

U(X, Y) = UABXAYB — T]ABXAYB +« [UABMACXCYB + WABXAMBCYC] + O(O&Q) =

=nap XY P +aXYP [Mpc + Mcg] + O(a?),
= Mpc = —Mcsp.
(A.2)
Here and throughout this appendix capital latin indeces run from —S+1, ...,0, ..., T. The previous
result shows that the generators of the pseudo-orthogonal group O(S,T) are given by N x N

antisymmetric matrices (when one index is lowered as in Eq. ) There are then w
linearly independent generators which are given by:
I I I
(Mag) ;=0 anBs — " gnay. (A.3)
Notice that Map = —Mp4 so that from now on we will write M[ AB] for the pseudo-orthogonal

generators. In the following we will consider only the proper-orthochronus pseudo-orthogonal
group (i.e. the part of O(S,T) which is connected to the identity), so that with the exponential
map (compare with Def[1.1.2]) we can recover the whole group.
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Now we are ready to study the commutators between the elements of the pseudo-orthogonal
Lie algebra. We compute:

I 7
([Mam, Micn)])' o = (Miam)'; (Mion) " = (Miony)', (Mian)
= (6" ymps — 6" gmas) (8ecnpr — 6”pnek) — ('cmps — 6" pncs) (07 ampr — 67/gnak) =
= (6" anBenpr — 8" snppncK — 6" gnacnpk + 8 gnapnck) +

— (0" empansr — ' cnpenak — 6 pncansx + 6" pncsnak) =
T T T T
= (Miap)  nsc — (Miac)) k180 — (Misp)) ; nac + (Mipc)) ¢ nap =
= {A[}[Eﬂ;ch - A[?,f(];]TIBD - A[}fg]D]TlAc + A[fg(];]mp] (Mgrp)' =

=CaB] [C[D] ] (M [EF])

(A.4)
where we introduced the identity in antisymmetric (g) tensor space, i.e.
AB
AVEL = (5A053 — 64505 (A.5)

Having identified the structure constants of the pseudo-orthogonal algebra we can now compute
the Killing metric for this Lie algebra as in Eq.(1.22)), namely:

EF LM
GraBliop) _C[AB][L[M]] [CD][E[F] =

(A.6)
: {UDEA[L[%A] + UCFA[L[g@] + nDFA[L[é‘/[C]*] + nCEA[I[JJJU\’/[D}]} =
=2(N —2)[nBcnpa — 1BDNCA]
Moreover we can also verify that this metric satisfies Eq.(1.24)), indeed we have:
[EF] o [EF]
Capcp) CEFILM] = —Clapyv) ClEF)CD)- (A.7)

To prove it we first inspect the LHS:

ClAB)[C D] G[EF][LM] =2(N —2) (77BCA [AD] +napA [BO +nppA [CA] +nacA [DB]) :
~(MFPLnEM —NPMNEL) =

=2(N -2) [UBC (MvanLp —nvpnra) +nap (MveNLe — MvenLs) +
—nBp (MvmanNLe — Mucenra) — nNac (MvBMLD — 77MD77LB)] =
=2(N —2) [nBchAT]LD — NBCNMMDNLA + NADNMBNLC — NADNMCNLB+

—NBDNMMANLC +NBDNMCNLA — NACTMBNLD + NACTMDNLB | -
(A.8)

(0]



The RHS is found by swapping [LM] < [C'D] in the previous equation.

CAB] [L[]\J;]F]G[EF] (cp) =2(N = 2)|nBLNpANCM — NBLNDMNCA + NAMIDBNCL — NAMNDLICE+

—NBMNDANCL +NBMNDLNCA — NALMDBNCM + NALMDMNCB | =

_ [EF]
=~ CaBjicD) Gler)Lm),
(A.9)

which proves the claim.

A.2 Pseudo-orthogonal bundles

Throughout this section we will fix a manifold M and a principal SO(S,T)-bundle P — M. We
introduce a connection 1-form w on P and we expand it in the basis of s0(S,T) in Eq.(A.3).

1
w = iw[AB] & M[AB]v (A].O)
where the 1/2 in front is necessary to avoid overcounting. As in Subsectio we consider

the adjoint bundle Ad(P). In particular, we will consider the commutator between twisted
differential forms (A = 1 AABl @ Mg, AIABl € QF(P)). We find:

2

>
=

APBIA BICPL @ [Miap), Micpy] =

APBLA BICPY e (yipoyMiap) + npapiMiso) + nosMca +nacMpg) = (A1)

| — s =

5 (A% A BB A2 A BIOY) @ Mg

Using Def|1.2.11] we find the curvature associated with w.

Q:dw—i-%[w,w]:

1 (A.12)
=3 [dw[AB] +w[‘é] /\w[CB]] ® MaB-
We also compute the covariant derivative on twisted forms.
dyA =dA+ w,A] =
(A.13)

1
=3 [dA[AB] +wlgy A AITBL I A AlcAl]
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Appendix B

Useful formulas

B.1 Commutators and covariant exterior derivatives for
the conformal group

Here we will give some of the formulas that we will frequently be using in Section [3.3
Often we will need to compute the commutator of differential forms twisted with elements of
50(2,4),i.e. (A=A"®e;, B=BI ®e;)
[A,B] := A" A B @ [e;,¢] . (B.1)
In the following we will write:
1
A: §Aab®Mab+AaP®Pa+AaK®Ka+A®D:
1
= §AAB & MAB

and analogously for B. Comparing Eq.(B.2)) with Eq.(3.55) we can write:

1 1 P~ K P+ K
FAY © Map =5 Aab®Mab+A14®D+A1b®< " b)—A41®D—A4b®< (s b)]_

2
—1b _ A4b —1b b
= %Aab®Mab+A‘“®D+%®Pb— %@Kb,
(B.3)
which gives:
A=a,B=0, Adb,
A=-1,B=4 A

AAB — ’ ’ (B.4)

A=4B=a  —2(A% + A%,),
A=-1,B=a 2(A% — A%).
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We can now compute:
1 ab cd 1 ab c 1 ab c
[A, B| :ZA A B @ [Map, Mea] + §A A Bp @ [May, P] + §A A By @ [Map, K| +
1
+5A% A B ® [Py, Meg) + A% A BYy ® [P, K] + A% A B ® [P,, D] +

1
+ 5A“K ANB @ Ky, Mog) + A% A B%s @ [K,, Py + A% A B® [K,, D] +
+AANB ', @ [D, P+ AANB . @D, K] =

1 1
:iAab A BCd ® (nbcMad + nadec + 77dbj\4'ca + nachb) + 5 (Aab AN Bcp — ACP AN Bab) (29 (ncha — ncan) +

+ % (A" A B — A% AB™) @ (be Ko — NackKp) +2 (A% A BP i — A% A Bp) @ (apD — Map)+
+ (A ANB—AANB )@ P, — (A"« NB—AANB%)® K, =
=A", AB® ® My, + A® A Byp @ Py + Agp A B ®@ Py + (A" A Byg + Apg A B*) @ Ko+
+2(A% A Bug — A% N Bap) @ D +2 (A’ A By — A%p A B ) @ May+
+ (A NB—AANB)@P, — (A%« NB—AANB%)® K, =
Ae_ A B — Ab_ A Bea
B 2
+ [A"™ A Byp + App AB* + A%, N B — ANBp] @ Pot
+ [A A Byg + Apie A B — A" AB+ AN B%] @ K+
+2[A% A Bag — A% N Bap] ® D,

+ AY e AB%% — A% ABp — A% A B + A’ A B | @ Map+

where we used the commutation relations in Eq..

We compute also the exterior covariant derivative acting on A.
dyA =dA + [w,A] =
Wi, A A — b A A

2

+ [dA + W NApp + ey NAP* + e NA—w A A%D] ® Pot
+ [dA% + W™ N Apg + fo NAP — fONA+wA A ] © Ko+
+[dA+2(e* NAgi — f* N Aup)] @ D.

1
— 5dAL“’Jr +fONAYD — fONA Y — e NAY e F P AN AN | @ Mapt

B.2 From forms to coordinates (local) representation
In the following section fix a pseudo-Riemannian 4-dimensional manifold (M, g) and a (possibly

local) basis for T*M. Often we will need to write in coordinates expressions like de® A e€ A *Q
or dw A dx* €. We can compute then the more general formula for the wedge product between a

78



2-form (B € Q?(M)) and the hodge star of a 2-form (A € Q?(M)):

v —9 v o (e
BAxA = mAM Bpa-(fl“/aﬂdl'p A dx® Ndx™ N de =
1

T A - 2)'A“”Bpaeuya5€p”“ﬁ V=gd'z = (B.7)

1
= iA“VBW\/—gd‘lac7
where we introduced the total anti-symmetric contravariant symbol é*#7 (which is equal to 1 if
(o, B, p, o) is an even permutation of (0,1,2,3)). It is straightforward to prove that é€**%¢,,,,,, =

2(n—2)!A"EV. The precedent formula shows how to pass from forms notation to the more physics
familiar coordinate framework.

B.3 Hamiltonian derivatives

In this appendix we will give some useful formula for Chapter[d First of all we give the functional
derivatives of the Hamiltonian with respect to fields and momenta. For the momenta we get:

OHT /—\—11[EFlk Jak _ Jak BIEFk _
5 py = (-sa'v=g)m g% g0 .
(B.8)
—19Yak 1 "o
= (—8a'v/—yg) 1gWH[EF]k+3aw[§ = 2 [LM][NC[;]EF] o wla? - g% o P

while, for non-tetrad fields, we obtain:

SHrp ) ; . ,
SwlEF] =Om [( e + A0V =99%9" w[EF“”’) 9} —o [(H[EF +4a'/=gg" " [EF]kP> 0] +

+ 0 (40'vV=99" ¢"' Qg i) +

1 " gaO ; ;
+ 2C[LM][NQ][EF]{ — 1M WU(\)[Q] + W [H[LM] W[]iVQ] + 4a/\/j99k09p Q[ﬁﬂw[]f@} +

U:

m0
g a a aj ki
- 50 {H[LM] w[];]nQ] +4a/\/—ggkogp Q[ilz\;f]w[%@]] —4a'v/—gg Jgk Q[};Q/[]w[]i\@]}

g
(B.9)
The functional deerivative with respect to the timelike component of the gauge fields is already
given in Eq.. For tetrad fields we know that the situation is differernt. Since the Hamil-
tonian depends non-trivially on the metric the functional derivative will get another term with
respect to standard Yang-Mills fields. We introduce the following notation:

SH _ SH 3¢

50‘)["(‘/1] geometric 5guu aw[’?] (B].O)
0H | _ §H  OH
&u[fﬂ YM 5w[$] (50.)[};] geometric

Clearly we find that the Yang-Mills part of the variation (YM) is the same one we found for
non-tetrad fields in Eq.. Comparing with Eq.(4.38) and the formulas given after, we can
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compute the geometric part:

-1 .
(siil] Jeometric ={(_Mfg)§é’f)ﬂ[émﬂm]’“ —20'v/=9 (9"°9" Qapk:) zozQ[éf]@/\/jggijgle[AB]ij[?lB] }
Wyt
i { (—4a’\2/jg)1n[éD]H[CD]j B H[éD]p[CD]j — 20/ =g (gkogijQ[AB]ki) gsogtlg[étB]}.
1 9197wy

W ((Yylw[‘a]j + 5’Yjw['a]l) + 2 (900)2

ki i i i i i
_H[gD]gm){ [me[‘a] +M7w[.f1] +2(g 107 _ gl0giv _goglw)w[o] .

~a]
.(@w[gm — Wl 4P +w[i]iw[3m) 4

7 i i i CD
— (979", + 99" ) + 979 el + g1 g™y ) Q1) ]}+
s0

— (—4a’ /=) Q[AB]MQWQ[ SJB] {9“9 Two+ 9" g e + g ngow[,i] +977 9" 0wl }+

- a/\/ng[AB]ij[?lB] {gmgklw[_fﬂ + g g w kg g wky + 99wl }
(B.11)
Fom the expressions given in this appendix one immediately obtains the Poisson brackets between
the Hamiltonian and the fields and momenta, thus one gets the Hamiltonian equations of motion
in the simplectic formalism. It can be verified that the latter are equivalent to the Lagrangian
equations, in particular they are covariant. However, the computation is extremely long and it

doesn’t give any new insights on the theory at hand. As such, we decided to not put it here but
to leave the computation as a very mean exercise for the reader.
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