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ABSTRACT

As research dives deeper into the foundations of our physical world, physical theories
become more sophisticated and mathematically complex. New methods have to be
developed to analyse and understand the results uncovered. A prevalent tool to
inspect covariant field theories is the Hamiltonian formalism, which requires the
singling out of a specific time direction to compute the canonical momenta. The
polysymplectic De Donder-Weyl Hamiltonian formalism [1, 2, 3] may be a covariant
alternative to the classical Hamiltonian.

We review General Relativity and Bimetric Theory [4] and introduce the De Donder-
Weyl Hamiltonian, with a focus on practical application to existing theories. We
compute the equations of motion for a SO(1,5) gauge theory inspired by MacDowell
and Mansouri’s construction [5]. It is shown that, in contrast to the traditional
formalism, the point during the calculation at which the SO(1, 5) symmetry is broken
has no influence on the result. We also introduce the constraint analysis in terms
of the new formalism and apply it to the action of Bimetric Theory up to the

computation of the complete set of secondary constraints.
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INTRODUCTION

The two most important theories describing the fundamental physics of our world
are the Standard Model of particle physics (SM) and General Relativity (GR). While
the SM applies on the smallest scales like the electroweak theory and strong inter-
actions, GR works on the biggest scales and spawned theories like cosmology, which
describes the largest-scale structures in the universe and their dynamics.

In the last 100 years physicists have been able to observe and thoroughly test the
predictions made by GR, putting the theory on a solid foundation. This requires
any modified theory to make the same predictions as GR to be considered physical.
Describing some observations in a consistent theoretical framework requires going
beyond GR. One observation of note is the acceleration of the universe. This be-
haviour can be captured by adding a cosmological constant to the equation of motion
(EoM) of GR. The origin of this constant, however, cannot be derived in unmodified
GR. Another interesting observation that might require an extension of GR is dark
matter. There are galaxies in the universe which, according to GR, would not be
able to form or hold together and therefore require additional matter, dark matter,
to interact with the visible matter to be stable. These anomalies and other factors
led physicists to consider extended theories of gravity.

Like the SM, GR can be formulated as a relativistic field theory. Where in the SM
the fields are of spin-0, 1/2 and 1, the field of GR is a massless spin-2 field. A natural
extension of such a massless spin-2 theory is the addition of a massive spin-2 field.
To a linear level, a massive spin-2 theory has first been inspected by Fierz and Pauli
[6]. A covariant action of a fixed massless and a dynamic massive spin-2 field was
first believed to be impossible due to the appearance of a ghost [7]. However, in [8,
9] it was shown that by promoting both metrics to the dynamic status the ghost is
eliminated and the action is covariant. This theory is called Bimetric Theory (BT)
[4]. In [10] the authors formulated BT in a gauge theoretic way based on the SO(1,5)
group, inspired by the construction of MacDowell and Mansouri [5]. A similar action
to BT was obtained by taking advantage of a local splitting of SO(1,5), breaking
the symmetry down to SO(1,3) x SO(2).

iii



A classic approach to evaluate such theories and their physicality, i.e. whether they
contain the correct amount of degrees of freedom (DoF') or propagate a ghost, is the
Hamiltonian constraint analysis introduced by Dirac [11]. In this analysis one starts
out with the Hamiltonian of the theory and computes its constraints in an iterative
way. This approach has been used by a lot of physicists to inspect the validity of
their theories and has been a useful tool in their toolbox. But as theories grow more
complex, their tools have to grow as well. GR is formulated in a covariant way, i.e.
the action does not provide a preferred time direction. To do a Hamiltonian analy-
sis, however, one must choose such a direction to be able to compute the canonical
momenta. The De Donder-Weyl (DDW) Hamiltonian formalism [1, 2, 3] is an ex-
tension to the traditional Hamiltonian formalism, where this covariance is retained.
Although this formalism has been known since the 1930’s it only recently started
gaining popularity [12]. In this formulation, the analogue to the canonical momenta
are the polymomenta, which are partial derivatives of the Lagrangian density in
all space-time directions instead of just the time direction. This gives the DDW
Hamiltonian some interesting properties, which are not present in the traditional
Hamiltonian.

In this work we will apply the DDW formalism to the SO(1,5) gauge theory of [10]
and inspect the constraints of BT. In the former we uncover that, we were able to
apply the DDW formalism to both the SO(1, 3) x SO(2) action from [10] and the full
SO(1,5) action, projecting the EoM down to SO(1,3) x SO(2), and still arrive at
the same results. The constraint analysis of BT is done in an explicit and detailed
manner for the primary constraints and the consistency conditions, following the
approach introduced in [13].

Understanding the DDW formalism requires a solid foundation of differential geom-
etry that goes beyond the level taught in graduate physics classes. Therefore this
thesis aims to break it down to its most essential parts and still give a comprehen-
sive introduction to the formalism. With every new tool in a tool kit, it is necessary
to evaluate its validity and usefulness. Obviously, every formalism is absolutely re-
quired to deliver valid physical results, which we assume for a given, regarding the
literature ([14, 15, 16] to name a few). One of the requirements for this thesis is, that
it should be written in a way so that it can be understood by a graduate student.
This gives us a natural lens through which to judge the formalism. We will answer
the question, whether this formalism could be taught in graduate classes to enhance
a students tool kit. The search for the answer to this question will not get its own

section in this thesis. It can rather be seen as a sub-theme or a common thread



weaving itself through this work.

The first half of this thesis will introduce the physical and mathematical background,
necessary to understand the second half, where we will work with the actual formal-
ism and theories mentioned. In chapter 1, we will introduce several spin-2 theories,
starting with GR and its vielbein formulation and ending with BT. Chapter 2 con-
tains the MacDowell-Mansouri approach to a gauge theory of GR and the SO(1,5)
theory of [10]. In chapter 3 we will get to know the Hamiltonian formalism and the
constraint analysis introduced by Dirac and apply it to a short example in the con-
text of GR. Following that, in chapter 4 we introduce the DDW formalism together
with a short application of a system of real scalar fields. Chapter 5 sees the applica-
tion of the DDW formalism to the SO(1,5) theory previously introduced. The final

chapter 6, before the conclusion and outlook in 7, is the constraint analysis of BT.






]. SPIN-2 THEORIES

This chapter will give an overview of General Relativity (GR) and two other pop-
ular spin-2 field theories. Those two theories are massive gravity (section 1.3) and

bimetric gravity (section 1.4).

1.1 RELATIVISTIC FIELD THEORIES

The two pillars on which our understanding of physics rests today are Einstein’s
theory of general relativity, which describes all gravitational phenomena, and the
standard model of particle physics (SM), which covers everything else. Both theo-
ries are formulated as field theories. Such theories describe the world through the
dynamics and interactions of fields. These fields are classified in the Wigner classi-
fication [17] by their spin and mass, where the spin of a field is determined by its
representation. For example, a scalar field would have spin 0 or a vector field would
be of spin 1. The physical degrees of freedom (DoF) of a field are determined by
its mass (or masslessness) and spin. A massive field always has 2s + 1 DoF, with s
being the spin, whereas a massless field has always only 2 DoF (except for the real
scalar field, which has 1 DoF).

There exist consistent theories of spin 0, 1/2 and 1 for both massive and massless
fields. When quantized, these fields and their interactions become the foundational
parts making up the standard model. To formulate such a theory, one usually starts
at the field Langrangian and applies the principle of least action (see chapter 3) to
arrive at the equations of motion describing the dynamics of such a field. As an
example consider the covariant formulation of Maxwell theory, describing the vector

potential A,. The source-free Lagrangian is

1

£:4

F, Fh, (1.1)



where F),, is the field strength tensor F),, = 0,4, — 0,A,. The equation of motion

1S
9, FM = 0. (1.2)

But A, has 4 free functions, while the theory should only have 2 DoF. Is there
something wrong? No, but we still have some gauge fizing left to do. First, by
looking at the definition of F},,, we see that it is invariant under the transformation
Ay — A, = Ay + Oup for any differentiable scalar function ¢(x). We can fix one
component of A, by choosing ¢, such that 00, = —0"A,. By doing this (1.2)

becomes
0 0MA” = 0.

We are left with 3 DoF and are able to fix another component of A, by introducing
a field solving 9,,0"¢ = 0 and repeating a similar process to the one outlined above.
This is called the Lorenz gauge and is one popular way of fixing the DoF that are
left over.

So far, the process of finding constraints and gauge fixing to remove the unphysical
DoF of a theory has just been roughly sketched out, but one can already tell that it
can become quite complex for fields with a higher number of DoF.

The metric g, in GR is the massless field of the classic theory of a spin-2 field and
is a case where the number of free parameters is much higher (10) than the actual
physical DoF (2). The natural question to ask is whether there exist massive spin-2
fields and we will go into more detail on that in sections 1.3 and 1.4.

When talking about DoF and physicality of a theory, one has to mention ghosts.
Ghosts are fields with a negative kinetic term. A theory must be ghost-free to be
physical, since otherwise the Hamiltonian would not be bounded from below. One
example of such a field is the Boulware-Deser ghost |7, 18], which we will look at in

more detail in section 1.3.

1.2 GENERAL RELATIVITY

1.2.1 INTRODUCTION

The most well-known spin-2 theory is Einstein’s theory of GR [19]. It is a geometric

theory of gravity, where gravity manifests itself in the curvature of 4-dimensional



spacetime. It is formulated as a field theory of the spin-2 field g,,, which is the
metric on the manifold M we call spacetime. The curvature on M is described by
the Riemann tensor given in terms of the Levi Civita connection V and can be

expressed as
R%,,0° = [V, V0%,

for any vector v®, where [a,b] = (ab— ba) is the commutator. Vectors that are
parallely transported in a loop on curved space tend to change. This change is

described by the Riemann tensor and is, for an area 6S7°, given by
Sv* = R, 56570

The connection, or covariant derivative, is unique and given by V,g,,, = 0. For the

arbitrary vector v® the covariant derivative is defined as
Voo = 9,07 + Ffwm,
where the ng are called Christoffel symbols. They are defined as
«a 1 ad
By = 59 (9896 + 03Gas — (95957). (1.3)

The above definition of the Christoffel symbols is a consequence of spacetime being
torsion-free. Torsion is described by the torsion tensor and can be envisioned as
the ’twist’ of the tangent vector of a curve as the curve evolves. By contracting two

indices of the the Riemann tensor we obtain the Ricci tensor
Ry = R,

Contracting this tensor with the metric ¢"”, we get the Ricci scalar
R=g" Ry,

which is used in the construction of the Einstein-Hilbert action

Sen = m%/d‘lx\/fg(}z —2A), (1.4)



where mp is the reduced Planck mass defined as m% = 16h7fG and A is the cosmologi-

cal constant. In the above definition we follow the convention of writing g = detg,, .

In the presence of matter fields the total action becomes
S =8gn + Sum. (1.5)

Varying (1.5) with respect to the metric we are able to compute FEinsteins field

equations

1 1
Ry{y — iRg‘W + Ag/ﬂ/ = Guy + Ag,uu = miQT'LLV’ (16)
P
where T, is the energy-momentum tensor we gain by varying Sy and G, is called

the Einstein tensor. The Einstein tensor satisfies the Bianchi identities
VIG, =0,

which implies local energy-momentum conservation V#T,,, = 0. Comparing (1.6)
and the EoM (1.2), we see that the Einstein equations are not linear in the metric
guv- This means that the field will interact with itself and give rise to a non-linear

theory, leading to problems in formulations of massive gravity, see section 1.3.

1.2.2 THE 3+1 FORMALISM

The Hamiltonian formalism, which will be introduced in chapter 3, requires the
singling out of a specific coordinate in £ as the time coordinate (for example, we
need it to define the canonical momenta). To accomplish that we need to find a
useful splitting of the metric g,,. This was done by foliating spacetime into a set
of spacelike hypersurfaces ¥ C M, which share a common orthogonal time direction

[20]. The metric can then be decomposed into

—N? 4+ NNk N;
g= 7, (1.7)
N; Yij



where N is called the lapse, N; is a 3-vector on X called the shift and ;; is the induced

metric obtained by restricting g to X. The inverse of g in the 3+1 decomposition

IR (-1 N )
g =N . g N
N NQ,YZ] — NiNJ

Using the above decomposition (1.7), we can express the action (1.5) in terms of

takes on the form

N, N; and v;;. The action does not depend on time derivatives of either the lapse
or the shift. Therefore, the only dynamical variables are the components of 7;; and
their canonical momenta 7% defined as

i OLEpH _ m%\ﬁ

=5 =N (29755 = VINT = VIN' 4 290 VE N, ),
ij

where % denotes a time derivative, yF4dll = %(vik'yj I _~iiykly and V? is the covariant
derivative compatible with «;;. The Einstein-Hilbert action without matter action

or cosmological constant can then be expressed as
SEHZ/d4$(7rij’%j+NC+NiCi), (1.8)

where

1 2 g

C =mpyTR(Y) + (W — 7T”7T,~j> and
P

Ci = Qﬁvjﬂ'ij

with R() being the Ricci scalar associated with ~.

1.2.3 THE VIELBEIN FORMALISM

The metric is not the only way to mathematically represent a spin-2 field. In all
calculations and definitions above, we have worked in the so called holonomic basis,
i.e. 0, for the tangent space and dz* for the cotangent space. But this is not the
only choice of basis we can make. Let us choose a set of basis vectors eq = €/49,

and one-forms e? = eﬁdx” where A =0, 1,2, 3, such that



g(ea,ep) = elygues =nap  and the same for the inverse

~1/.,A B A v B _  AB
g (e",e”) =e, g"e) =n"".

Because we know that d,dz" = 5,’1, we can show that effl and eﬁ are inverses of each

other:

B

eaeB = el da” = el = 68

p = QA

This construction is called wielbein or tetrad (or vierbein in this case ') and can be
represented as an invertible matrix with 16 components e’;. They form an orthonor-
mal basis of the tangent and cotangent spaces. This approach was first formulated
by Einstein in 1928 in the attempt of unifying gravity and electromagnetism|[21].
Although the notation is similar, note that the vielbein is not a tensor. The two sep-
arate sets of indices denote that it connects two different vector spaces. The greek
indices denote spacetime indices, while the capital latin letters are called Lorentz
indices.

The matrix representing the vierbein can always be brought into a lower triangular

form, using a Lorentz transformation. In the 3+1 decomposition this takes the form

N 0 L1 1 o
e= . and 7 = — : |, (1.9)
E?N] E? N\-N* NE!

where Ef is the spatial vielbein obtained by doing the above construction for the
metric 7;; (Note that we kept the indices a,b reserved as spatial Lorentz indices).

In the vierbein formulation the Einstein-Hilbert action (1.4) becomes

SeEn = mZP/d4xdet(e)R(e),

where R(e) is the Ricci scalar in terms of e. Using the decomposition (1.9), we arrive

at a expression similar to (1.8), namely

'yielbein is German and means mangyleg, a vierbein is a fourleg



Sen = /d4x <7T(E)ZEZG —~ NC—-N'C; - ;)\abpab>7 (1.10)

where P, are related to the spatial part of the Lorentz transformation. A detailed
computation of (1.10) is found in [22] and is not very relevant for understanding
the concept. What is relevant though is the fact the we were able to single out
specific parts of the metric g,,, pinpoint where the dynamics lie and simplify the
representation of the action Sgp. Another advantage of this formulation is that
some of the calculations, like counting the DoF, are easier, although we pick up
an extra constraint in the form of P,,. This is because of the fact that N and
N take on the shape of Lagrange multipliers for the constraints C and C;. One of
the disadvantages of this approach is the fact, that it becomes extremely hard, to

untangle these equations and go back to the old metric formulation.

1.2.4 THE SPIN CONNECTION AND THE PALATINI ACTION

The Christoffel symbols (1.3) are the connection forms of the Levi-Civita connection

on the manifold M. With the introduction of the vielbeins there is another connec-

AB
“w

derivative acting on the Lorentz indices, namely

tion form called the spin connection w? >, which is necessary to define a covariant

DuVa = 0,Va + w4 Vs.

The associated curvature 2-form is

AB A A CB
R/“/ = QG[MWV]B =+ QW[MCWV]

With the spin connection there is a more general covariant derivative for tensors like
V= V#Ada:“ R ey, ie.
VoVt =0,V - T VA +wilpViE, (1.11)

which annihilates the vielbein (Vuef = 0) and completely determines the spin con-

nection. Treating e and w as independent fields, the Ricci scalar of GR can now be



expressed in terms of eﬁ and the curvature Rf}VB, which yields the Palatini action

with a cosmological constant

Sp= /d4x\/—gR— /d%e(eie”BRﬁf +A), (1.12)

where we used the fact that \/—g = e [23]. In this formalism, the metric g is not the
most fundamental field any more and the relation between the spin connection and

the Christoffel symbols is given by

w,’jB = efFZMeUB — e”Bauef.
One more thing to note here, is that the spin connection is the gauge field generated
by local Lorentz transformations, which becomes important in chapter 2 where we

will inspect several approaches to gravity as a gauge theory.

1.3 MASSIVE GRAVITY

A theory of massive gravity is constructed by simply adding a mass term for the
metric to the action of a massless spin-2 field. We will begin by looking at the
approach formulated by Fierz and Pauli [6], which is a linear theory, and afterwards

continue on to the non-linear theory.

1.3.1 FIERZ-PAULI THEORY

The linear theory is achieved by expanding the metric around a flat background, i.e.

the Minkowski metric. This gives

1
Guv = Nuv + miph'um (1.13)

where h,,,, the perturbation, is the field of interest. We will continue to formulate

EoM for h up to linear order. The free action for h up to quadratic order becomes

1

=5

/ A*2hy EFP7 By,



where

gwpo — (np[vaal M + 77“[”8”] 97 + 77“[”7]”}"82).

The tensor E#P7 is the linearized Einstein tensor. It is obtained by plugging (1.13)
and it’s inverse g¥ = n"* — nHh,en” + O(h?) into the expression (1.3) and com-
puting the Einstein tensor from the resulting expression up to linear order in h.

The field equations then become

Ew ' hpe =0,
where we use the Minkowski metric to raise and lower indices.
Similar to (1.1), the action of h is invariant under the infinitesimal spacetime trans-

lation

hwj — h‘#l/ — Qa(u(pu), (1.14)

where we used the commutator in the indices to express 9,¢,) = %(OHQD,, + 0upu)-
This symmetry is related to the fact that GR is diffeomorphism invariant and gives
us the ability to fix 4 DoF of h,, using ¢,,.

The next step is the addition of a mass term to the action, which yields

1 4 uvpo m2 24 2
Sep =35 | d'o( b€y — T (W hy, — ah?) ). (1.15)

where m is the mass of the field h, a a dimensionless scaling factor and h = h,.
The variation of (1.15) gives us the EoM

m2
g;u/ pahpg — 7(h/#1/ — anw,h) =0. (116)
We see that the symmetry (1.14) is broken by the mass term. To find some con-
straints we can apply the contracted Bianchi identity 9*&,, ” Uhpg = 0, which leads

us to the constraints



&y — adyh = 0. (1.17)

We were able to remove 4 DoF from the 10 propagating modes of the symmetric
field h,,. This leaves us with 6 DoF. However, a massive spin-2 field is supposed to
have 5 DoF. To find the last constraint, we take the trace of (1.16) and arrive at

m2

(0" by — Duh) = T5-(1 = 4a)h = 0.

The above equation turns into a constraint for the exact case where a = 1, because
then we can apply (1.17) to eliminate the first term and are left with the fifth
constraint h = 0. This leaves us with 5 and therefore the correct number of DoF
for a massive spin-2 field theory. This is only the case if a = 1 otherwise the theory

would contain a ghost and would be unphysical.

1.3.2 NONLINEAR MASSIVE GRAVITY

A mass term for a spin-2 field must be a scalar density, meaning it should be some
scalar function V'(g) multiplied by the scalar density /—g. Therefore, it cannot
have any free indices, which is where the first problem lies. We cannot simply
construct a similar action to (1.15), as the contraction ¢g"”g,, = 4 is trivial. De
Rahm and Gabadadze concluded from this, that it is not possible to construct a
covariant nonlinear action without the introduction of a second tensor field [24, 25] .
This could theoretically be any object with enough indices, but the minimal choice
is a rank-2 tensor f,,. The introduced field is then used to contract with g, and
is interpreted as a background metric. A general action is expected to take on the

form

s= [ atoy=glRlg) - mV(g. 1)),
The issue with this construction however, as argued in [7] and [18], is the additional

sixth DoF referred to as the Boulware-Deser ghost. This is due to two reasons. First,

by looking at the 341 decomposition of g

10



we see that the lapse and shift are not Lagrange multipliers any longer, if V (g, f) is
not linear in either of them. Therefore, their EoM will not function as constraints
on 7y;; any more. The mass term breaks covariance and we are not able to remove
DoF through coordinate transformations. We are not able to constrain any of the
12 DoF propagating in v;; and ;.

De Rahm, Gabadze and Tolley were able to construct an action which circumvents
the above problem [24, 25]. The resulting theory is called dRGT massive gravity and

has the action

SircT = / d*zy/=g

4
R—2m*> Ben(S)|. (1.18)
n=0

The matrix S is the square root of g~!f defined as S Sy = g" f,y and the S, are
free parameters of the theory. The e, (S) are the elementary symmetric polynomials

of the eigenvalues of S and defined as

W) =1, ea®) =18, els)= (5P~ [5) (1.19)
es(S) = 5 (IST" ~ 3IS][5%] + 2[5%) (1.20)
ea() = o (11" — 6lSJ7[57 +3(5%? +8[S][s”] —6ls)  (12)

— detS, (1.22)

where [S] = Tr(S). The derivation of the theory was done on a flat background, i.e.
for f,, = nu. Later on, it was shown in [26] that the action is consistent for arbitrary

fuw and B, and that there exist constraints that remove the Boulware-Deser ghost

[27] [8].

1.4 BIMETRIC GRAVITY

In their bimetric theory Hassan and Rosen [4] promoted the fixed metric f,, from

massive gravity to a dynamic field and showed that the resulting theory is ghost-free.

11



This would not only make the theory more natural, since f was added into (1.18)
and fixed by hand, but also make the theory generally covariant again. With two

dynamic metrics the action takes on the form

4
SHR:/ [ SV=9R(g) +miV/—[R(f) —2m*V=g>_ Bnen(S)|,  (1.23)
n=0

where my,, are the Planck masses for the respective sector and the rest is similar
o (1.18). Looking at the mass term, it seems like the action treats g different
from f. But the action is actually symmetric under the exchange of f and g, if we

simultaneously exchange mys <+ my and 8, <> 34—, because

4 4
V=9 Buen(N g ) =/=F_ Buean(\V [9)
n=0

n=0

as shown in [4].
Varying the action (1.23) with respect to f and g yields the EoM

m
G,uu(g) - QV,u(g)
g
mt )
GuV(f) - _72‘/ v
m; H

V,fﬁ)——f—g [ Zﬁnen ] and (1.24)
Vﬁg)__\/ifafw [FZ@M n )]. (1.25)

Applying the 3+1 decomposition (see section 1.2.2) to g, and f,,, we can decom-
pose the Einstein-Hilbert part of (1.23) into

12



SHR = /d4:E [ﬂ'ij"yij + NCy + NCni + Gijqf')ij + LCp, + L'Cy;
4
—2m*N /7Y Bren(S)|, (1.26)
n=0

where L, L’ and ¢;; are the lapse, shift and spatial matrix of f,,, and 6% the canonical
momentum of ¢;;. As expected, the lapses and shifts do not appear linearly in the
interaction terms. However, as the interaction terms do only depend on the shifts
in the form of N* — L’ it is possible to make the field redefinition [24] [8] [27]

N~ L' = Ln' + NDin/, (1.27)

with which we are then able to express one set of the shifts in terms of the new shift
variable n’. The specific shape of the matrix D is not relevant here, but it is chosen
to make sure the action is linear in both lapses, for more details see [4]. Using this

redefinition, the action then becomes

Spr = /d4x (Wij':}/ij + Hiquij + NCN + LCp + LiCLi)- (1.28)

We arrived at the same shape as we did for GR before and are able to count the
DoF?. A theory containing a massless and a massive spin-2 field should in total have
4 4 10 = 14 DoF in phase space. Currently we have a total of 24 DoF, with 6 each
from all the dynamical quantities, i.e. 7%, %, 7i; and ¢;;. The constraints Cny = 0,
Cr = 0 and Cr; = 0 remove 5 DoF, while general coordinate transformations can be
used to eliminate an additional 4 DoF. This leaves one additional constraint, which
remains to be found. After the field redefinition, the Hamiltonian of (1.28) can be
brought into the form

H = /d%(%o — NQ),

2Note that the constraints in (1.28) differ from (1.26) due to the redefinition (1.27)
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where Hj is the entire Hamiltonian that does not depend on N. Since every con-
straint needs to be conserved in time, we inspect the Poisson bracket of C and H.

The result is

C(z) ={C(z),H}
_ / d'y({C(x), Ho(y)} — N(»){C(x),C(y)}),

where C and H, are independent of N. This means, that if {C(z),C(y)} vanishes, C
will be independent of N and therefore yield a secondary constraint. This secondary
constraint then removes the last DoF. There had been objections against bimetric
theory, claiming the bracket could be non-zero [28]. It has been proven in [9] that the
bracket vanishes weakly and that the secondary constraint exists, making bimetric

gravity a ghost free theory.
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2 (GRAVITY AS GAUGE THEORY

This chapter will give the reader an overview of gauge theories in the context of
spin-2 theories, e.g. general relativity. We will start out by giving an introduction
into gauge theories. Moving on, we will look at the theory by MacDowell and
Mansouri [5], which is a gauge theoretic formulation of GR based on the SO(1,4)
group. Finally, we will inspect an attempt to formulate bimetric theory as a gauge
theory of the SO(1,5) group. A lot of the mathematics is expressed in the language

of differential forms, a quick primer of which can be found in Appendix 1.2.

2.1 INTRODUCTION

In chapter 1 we learned that it is possible to express GR and other theories describing
gravitational phenomena in form of a spin-2 field theory. This is motivated by
our current day understanding and mathematical formulation of the SM, where
all particles are represented as fields of certain spin. A crucial part of the SM
are local gauge symmetries, which ensure the renormalizability and unitarity of its
theories. As we inspected GR, massive gravity and bimetric gravity, the only gauge
symmetries admitted were the usual diffeomorphisms. The natural question to ask
here is, whether there is a way to formulate GR or similar theories to admit further
gauge symmetries and therefore taking one more step towards the unification of
theories of gravity and the SM.

In gauge theories of gravity, we usually associate a vector space T, M with every
point x on a manifold M. The gauge is then just a basis of T, M, where the choice
of a specific gauge is usually called gauge fizing (remember (1.2)). A change of basis
is called gauge transformation and is an element of a gauge group. The idea behind a
gauge theory is to construct a theory, which stays invariant under all transformations
contained within this group. The generators of the gauge group are a basis of the
Lie algebra associated with the gauge group. The Lie algebra is the tangent space
of the gauge group at it’s identity. In other words, a generator of a gauge group can

be interpreted as a vector pointing in the direction of the gauge transformation. For
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example, consider a transformation group which describes a transformation along
a spiral in one direction with constant radius. This group would consists of two
generators. One generator would describe the translation along the given axis and
the second generator would describe the rotation around said axis.

A gauge theory contains a gauge field for each such generator. Gauge fields gives
us a way to define the covariant derivative, which prescribes how a vector in T, M
transforms as it is transported to another tangent space T, M. The gauge fields
connect the components of the vector with the generators and determine how strong

their influence on the transformation of those components is.

2.2 MACDOWELL MANSOURI GRAVITY

MacDowell and Mansouri [5] were able to construct a gauge theory of the SO(1,4)
group, which results in the Palatini action (1.12). With A being the associated

SO(1, 4)-connection, or gauge field. A allows a splitting into an SO(1, 3)-connection

wAB

. and a coframe field" e/‘j‘, such that we can express the gauge field A

w l6
A# = ( g e ’ (21)
f%eu 0

where [ is a constant with unit length, later to be related with the cosmological
constant. This can be explained by the fact that there exists a local decomposition

of the Lie algebra as vector spaces, namely

s0(1,4) = s0(1,3) @ RO,

In [5] this breaking down of the SO(1,4) symmetry has been motivated by the fact
that the theory needs to be invariant under Lorentz transformations, which are part
of the SO(1,3) C SO(1,4) group. An interesting feature of the splitting (2.1) is that
it continues into the gauge curvature Fy = dqA+ A A A. The curvature” splits into
the so(1, 3)-valued 2-form F,, = D,w — l%e Ae and the RM3-valued 2-form F, = De,
where D,, is the covariant derivative D, := d + wA. Note that R = D, w is the

LA coframe field is a set of covectors which form a basis to the cotangent bundle.
2Sometimes also called field strength
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curvature defined for the spin connection in section 1.2.4 2.
After the splitting we are able to construct an action from the curvature. In their
paper [5], MacDowell and Mansouri argue that the most general action one can

construct is

1
Sym = /Tr(Fw A Fw) - _Z /d4xF(2’)BNVF(€'ﬁJQABCD€MVpU’ (22)

where tjhe trace is taken with respect to the Lorentz indices and the Qapcp is a
constant which is symmetric under the exchange {AB} <+ {C'D} and antisymmetric
for A <+ B and C « D*. The reason for the above construction is simple, but with
major consequences. There is no metric on the manifold M, because remember, the
metric in GR is a field itself. Without a metric we don’t have a consistent way to
define the raising and lowering of indices (as it was done in (1.1)) or a measure to
make the integral covariant. The action (2.2) is the most general covariant action
one can construct without a metric.

The action (2.2) can be related to the traditional vielbein action of GR with the help
of the Palatini action (1.12) by adding the term [ d*z(D,w A Dyw), which vanishes
under variations, to Sysas. The Palatini action in the language of differential forms
looks like

sz/Tr[e/\e/\RAe/\e/\(e/\e)].

Using the expression of F,, = R — l%e A e, we can express Syry as

1 2
SMM:/TI‘|:R/\R+Z4€/\€/\(€/\€)—l26/\€/\R

:Sp+/Tr[R/\R},

. The variation of the action (2.2) yields the two equations

3The term curvature might get confusing here, since we use it a lot. To clarify, a curvature can
only be defined in tandem with a connection, so when we talk about the w curvature we mean
R = D,w, while F,, is the part of the curvature of A corresponding to w.

4An example would be the Levi-Civita symbol eapcp.
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DyF,=D,(eNe)=0 and (2.3)
eNF,=0. (2.4)

The first equation is just the expression of the torsion-free condition placed on
the manifold on which GR is formulated and the second one is the coordinate-free
expression of Einstein’s equations in terms of the spin connection and the vielbein

e. After fixing I> = % the Einstein equation take the form

A
e/\R—ge/\e/\ezo.

A last thing of note here is the fact that this entire process only works, if the SO(1,4)
symmetry is broken (A is split into w and e) before the variation of the action. If we
were to break the symmetry after the variation, we would not be able to recover the
Einstein equations from the EoM. This can be easily shown by varying the action

obtained from the total curvature F' and imposing the splitting (2.1) afterwards [50].

2.3 THE SO(1,5) ACTION AND EQUATIONS OF MOTION

Inspired by the approach outlined in section 2.2 and works by [29], Fawad Hassan
and Luis Apolo constructed a theory that contains not one, but two coframe fields
e and ¢ [10]. They arrived at a bimetric action similar to the ones studied in [30, 31,
32] and were able to find an action which contains a Lagrangian density for a partial
massless field. A partially massless field is a massive field, where the mass of the field
saturates the Higuchi bound [33] at which an additional constraint arises, reducing
the DoF of the field from 5 to 4 (therefore partially massless). This phenomenon is
outside of the scope of this thesis, but it has been inspected for bimetric theory in
several publications [30, 34, 35].

The gauge theory is constructed on the SO(1,3) x SO(2) C SO(1,5) group, which
is the global symmetry group of a massless and a partially massless spin-2 field [36].

The generators J4p of the so(1,5) algebra fulfil the commutation relations
[JaB, Jep] = napJsc +npcJap —nacdBp — nBpJac,
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where A, B € {0,...,5} and nap is the Minkowski metric in 6 dimensions. The
breaking of the symmetry will be done in a way that the subalgebra so(1,3) @ s0(2)

is obtained. After introducing the notation
P = Jaa, P®) = Jgs, D = Jys,

where a,b € {0,...,3} are the indices of the so(1,3) subalgebra, the non-vanishing

commutators of the algebra take on the form

[Jabs Jed] = dec + Mbead — NacIbd — MbdJac; (2.5)
[a, P = —acPy, (2.6)
[P, BY) = gD — 6 T, (2.7)
(D, P{)] = ”P(g (2.8)

In the above equations, we introduced the indices {7, j} € {1, 2}, which label vectors
of SO(2), while a, b are interpreted as tangent space indices. Following the approach
introduced in [29], the SO(1,5) gauge field can be constructed from the generators,

giving

A= %w“bJab +17terPW 417142 p2) 4 AD. (2.9)

The fields in (2.9) are interpreted as Lorentz spin connection w/‘jb, two vielbeins e}
and ¢}, and a gauge vector field A,. The fields are one-forms, which is why we write
e” = e, dzt . To gain insight about the transformation behaviour of the fields, we

parametrise an infinitesimal SO(1,5) transformation in the form

1
A= Ao+ x B + P 4 XD,

where A® parametrises a Lorentz transformation and D describe an SO(2) trans-

formation ° After applying the infinitesimal gauge transformation of the form 5)A =

5XGP(§1) —&—CaP(El) describes the ’left-over’ part of SO(1,5), which will be broken in the construction
of the action later on.
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dX + [A, A\], we find that the vielbeins transform under SO(2) transformations as a

5eZ_O—£eZ
Nee) " \e o )\e)

Under Lorentz transformations they transforms as

vector, namely as

Spe = —A%eb and  Opt® = —A%t°.

The homogeneous transformation under Lorentz transformation motivates the iden-
tification of ej; and ¢}, as vielbeins and therefore leads naturally to the definition of

two metrics

I = eZeW and  fu, = tZtm,, (2.10)

which are invariant under local Lorentz transformations. Knowing the transforma-
tion behaviour under SO(2) transformations, a SO(1,3) x SO(2) invariant metric
can be defined:

G/u/ =g + f/uz- (211)

The curvatures F = dA + A A A, associated with the different fields, are

1
Fy = (R — 172" Ne® — 1720 A8,
Fo) = 17" (Due® + AN tY),
Fhe = 7Y D,t* — ANe”) and

Fp =dA+ 172t Aeg,

where R? = dw+w? Aw® is the Riemann curvature and D,, = d+w?A is the covariant
derivative with respect to the spin connection w. Now that all the ingredients have
been introduced, the action can be constructed. The SO(1,3) x SO(2)-invariant

action from [10] is of the form
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S:/Fjlb/\Fjdeabcd—O'Q/FD/\*FD, (2.12)

where the Hodge star x is defined with regard to the metric G,,. Notable here
is that by only considering the curvatures F; and Fp, which are associated to the
generators of the so(1, 3) and s0(2) algebras respectively, the symmetry of the action
gets broken from SO(1,5) down to SO(1,3) x SO(2).

The EoM, obtained through variation of the action are then

€aved(€” N FELy + 1 A FEL)) =0, (2.13)
02ty A Fp + €apeqge® N F§ = 0, (2.14)
0%ea N Fp — €apeat’ AN F§ =0, (2.15)

dFp = 0. (2.16)

It is argued in [10], that the spin connection should be imaginary, i.e. of the form
wzb = Tﬁb—HaZb, because the EoM (2.13) can not be the correct EoM for two reasons.

For this argument, we will talk about the EoM for w

€aved(€” N Flhy + " A FEL)) = eq ADyey +ta A Dyty = 0. (2.17)

First, the EoM above is SO(2) invariant, but independent of A. However, it is
argued in [34, 37, 38], there cannot be any PM interactions above cubic order present
in the theory.

The other argument is that, following [29], the action is not interpreted as a first

order action®, but as a second order action, where the spin connection is constrained
by

where K is some SO(1,5) generator in the complement of SO(1,3) x SO(2). It can
be argued that this is also true for the construction of MacDowell and Mansouri,
where there is only one generator in the complement of SO(1, 3), which manifests as

the torsionless condition (2.4). In our case, K could be e, t or any linear combination

6An action linear in derivatives
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thereof. The issue is, that for all choices, the only SO(2) invariant solution for w is
w® = 0.
If we take the spin connection to be imaginary though, there is such an SO(2)-

invariant constraint which we can define by using the complex vielbein

Pt = e + it (2.18)

The constraint is of the form

G =Fha) +iFhe =11 (Dy —iA) Ay =0, (2.19)

where F¢; is the curvature associated with % As a summary, the requirement
for w to be complex comes from the requirements of it being SO(2)-invariant and
satisfying non-trivial constraints. With the constraint (2.19) the spin connection is

given by

wgb _ wwD[ng] _ QﬁYbD[/ﬂﬂ% _ WJ“W%CHDWE}: (2.20)

where D, = 0, — iA, is the covariant derivative with respect to A,. | Having a

complex w requires us to write the action as

5:/Ff]lb/\F((]:deabcd—Oj/FD/\*FD. (2.21)

An additional constraint is needed, which is necessary to make sure that bimetric
theories are equivalent in their vielbein and metric formulation [22]. This constraint

is

eZta,, — tZea,, =0. (2.22)

This constraint is necessary to remove half of the antisymmetric parts of the vielbeins
and to make sure no antisymmetric rank-2 tensor would propagate in the metric
formulation of the theory (since there is also no such tensor in GR). The constraint
(2.22) also leads to the absence of vielbeins in the Fp term of the action (2.21). The

action with the complex spin connection and the vielbein (2.18) takes on the form

22



m? 1 o?
S = —TP /eabcd |:17Z}a A ¢*b A |:ReRCd - 27l21;/}0 A ¢*d] - l2? /F A *F:| ) (223)

where F' = dA and we ignored the topological term f R%® A Rqp.q. Note that,
instead of e® and t%*, we now treat ¥ and ¥** as the two independent vielbeins.
With help of the symmetrization constraint (2.22), one can then find an expression

for

Sy = (Vg ') = ety

and write the above action as

S = m%/d4$\/§efjeZReRZ€’, +m]2,/d4x\/?tfjtZReRZ?,
4
—2m212/d4x\/§Zﬂnen(S) —m%12;/d4m\/éG“°‘G”BFWFa5, (2.24)
n=0

where we used the expressions for the elementary symmetric polynomials e, (.S)

derived in [22]. The 3, are given by

Bo = 3, B2 =1, Bs=3 and B =p3=0.

The rewritten action (2.24) is similar to the action of the bimetric theoy(1.23) with
differing kinetic terms. Under the rescaling t — ot and in the limit ¢ — oo and
a — 0 or oo with o?l=2 finite, one can decouple the two metrics and recover the
Einstein-Hilbert action of GR with a positive cosmological constant. In addition,
the limits o — 0 or oo will turn the spin connection into the real spin connection of
GR for either of the vielbeins.

Similarly to bimetric theory, the action (2.24) allows proportional background so-
lutions, i.e. where the vielbeins are connected by an arbitrary constant ¢, with the

relations
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a

e’ =¢e t* =ce” and A=0. (2.25)

The resulting EoM reduces to

eamﬂeﬂvpﬂéﬁ(fagg — 2721 +-c2535g> —0, (2.26)

where Ri”ﬁ is the Riemann curvature for the real spin connection given by

ab _ svan b >vbg —sa _ spasobs —c
w, =€ a[ue,ﬂ e 8[#67] efve ec,ﬁ[peg}.

The EoM (2.26) is equivalent to Einstein’s equations (1.6) with a cosmological con-

stant given by

A=3172(1+c).

As shown above, the theory admits de Sitter backgrounds and yields the correct
EoM for GR in such a case. However, as we noted in section 1.4, the action of
bimetric gravity does contain enough constraints to eliminate unwanted ghosts from
the theory, but this has not yet been proven for the SO(1,5) theory with the kinetic
terms of (2.24). It could be that a theory with kinetic terms of the form above
propagate additional DoF which cannot be removed. Recently, though, similar terms
have been inspected [39, 40, 41], resulting in the discovery of additional constraints

that remove ghosts beyond linear order [42, 43].
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3 THE HAMILTONIAN FORMALISM

This chapter will give the reader a thorough introduction into the Hamiltonian for-
malism. The concepts introduced here transfer in most parts to the DDW formalism
and will help bridge the gap between the unknown and the known for readers not
yet familiar with the main topic of this thesis.

In the following we will introduce core concepts like the Hamiltonian vector fields
and symplectic forms. We will also deal with the constrained Hamiltonian, which
will come in handy later on, when we work with the constrained DDW Hamiltonian
in the context of BT. This section is, unless specified otherwise, largely based on the
chapter The Hamilton method in the brilliant lectures of P. Dirac [11] and chapter 3
of [44].

3.1 THE HAMILTONIAN

Field theories are generally expressed in terms of an action S, which is the functional

S = /d‘{w = /dtL, (3.1)

where L is called the Lagrangian density and is defined such that its integral over
space becomes the Lagrangian L of the theory. The Lagrangian is a function of the
DoF, the fields ¢;, their time derivatives ¢; and the coordinates z*. In field theory,
the fields are themselves functions of xz#. The expression (3.1) already contains all
the information about a theory. Varying the action and applying the principle of
least action, i.e. the principle that physical systems follow dynamics which minimize

(3.1), we get the Fuler - Lagrange equations

oL  d oL
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Note that in the above formulation we used partial derivatives. In the case, where
the g; depend on z*, one would replace all partial derivatives in the above and the

following equations with the functional derivative

5L 6 / , / 3<a£ or )
b 0 [ ar =[5 9,25 ).
dq;  0q; g "0(0.q;)

To move to the Hamiltonian formalism, we define the canonical momenta

oL

= 3.3
with the help of which we can now introduce the Hamiltonian
H = p'4; — L. (3.4)

The Hamiltonian is a function of ¢ and p, though not of ¢. We can see this by
varying H, which gives us §(p'¢; — L) = dp'G; — (%)5% i.e. all information about
the dynamics of H is contained in p and gq.

Generally, to solve the Hamiltonian equations we try to express the ¢ in terms of the
Hamiltonian variables. From the above variation we also obtain the just mentioned

Hamiltonian equations

OH ~

= —p* and 3.5
90, p (3.5)
o0H .
6pl - Ql‘ (3'6)

These equations are another way for us to compute the equations of motion for
our system. But here we come to a very important point. The observant reader
might already have noticed that the Hamiltonian (3.4) is not necessarily unique.
We can add special functions C(g;,p’) = 0 to it, called constraints, which will not
change the Hamiltonian itself. Why is this important? In many theories there exist
constraints, which restrict the degrees of freedom this theory has. The degrees of
freedom that are left give a physicist a way to gauge whether a theory is physical
or not. Introduced by Dirac in [11], there exists a straight-forward way to find
and compute all constraints a Hamiltonian theory contains. Expanding the time

derivative in (3.2) we get
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il _ -
Wiiq’ + iod o 0, (3.7)

where W;; = % = ggg. If W;j is invertible, then the ¢* are uniquely determined
by a function of ¢’ and p’. However, is W;; not invertible, i.e. det(W;;) = 0, then
there exist constraints ¢4 (¢’, p;) = O restricting the amount of independent variables
in the Hamiltonian or in other words, restring the amount of DoF in phase space.
These constraints are called primary constraints. We can now extend not only the
Hamiltonian but also the Hamiltonian equations. The Hamiltonian containing all

primary constraints with coefficients A; is called the total Hamiltonian

Hiot = H — X g9 (3.8)

and its equations become

. OH 99t O(H — Aad?)  0Aa 4 OHio

Ty T Moy T ap’ T N oy M (3.9)
y oH dg” O(H — Aad™)  0Xa 4 OHiot

i by - _ — ~ — . 1
P dq; T dq; dq; dq; ¢ dq; (3.10)

The sign ~ used in the last equality is called a weak equality, denoting that this
equation holds only on the constraint surface defined by all constraints ¢ = 0.

This surface sits in the phase space spanned by all ¢; and p’ and it’s dimension
is equal to the amount of degrees of freedom the theory possesses. In most cases,
the primary constraints do not yield a full set of constraints. This means, that
there are still constraints to be uncovered and for that Dirac developed a straight-
forward method [11]. But before we move further, we need to become familiar with

an important mathematical tool. The classical Poisson bracket is defined as

_0f9g 09 0f
~ 9q; Opt  gq; Op'

{f(a.p) 9(q,p)} : (3.11)

It gives us the possibility to write the Hamiltonian equations (3.9) in the form

Gi = {qi, Hiot}, P = {p", Hiot}. (3.12)
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More generally, it is also true that for any function F(g;, p'),

F ~ {F, Hyy)}. (3.13)

We see that, given any function F' of phase space, its time evolution can be com-
pletely described by the Poisson bracket between H;,; and itself. It is said Hyot
generates the change in F'.

The expression (3.11) represents the local form of the Poisson bracket and is ob-
tained by choosing appropriate ¢; and p’. In a more general context the properties
of the Poisson bracket are captured by the Poisson tensor P™". The bracket then

takes on the form

{fa g} = Pmn(amf)(ang)a (3'14)

where J,, has indices for both ¢ and p. The Poisson tensor is antisymmetric and

satisfies

€mno POy PP = 0,

which is a consequence of the Poisson bracket fulfilling the Jacobi identity.

Although invertibility is not a given with P™", if it exists, we call the inverse 2,
the symplectic form. Unlike in Riemannian geometry, where we can simply use
the metric lowering the indices to indicate the inverse of the metric, in Poisson
geometry the inverse is —P,,,, which is why we use the symbol 2. Equipped with
the symplectic form, we now possess another tool which enables us to express the

Poisson bracket as

VX5, Xg) = QunP"P"™0, fOpg = —{ [, 9} (3.15)

From the symplectic form we can define a vector field X for an arbitrary function
f called the Hamiltonian vector field, iff the interior product Xy, is an exact 1-
form (for a short introduction into forms and the interior product ., see Appendix
1.2). The interior product . is a contraction of a p-form and vector field, yielding a
p — 1-form. For a more thorough explanation see Appendix 1.3. The Hamiltonian

vector field induces a Hamiltonian flow on the manifold it is defined on. This flow
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may be interpreted as the direction of change in phase space associated to f. The
Hamiltonian H has a canonical vector field Xy associated with it. The symplectic

form also relates the Hamiltonian with the Hamiltonian vector field in the way
XpgoQ=dH, (3.16)

where d is the exterior derivation, the explanation of which can be also found in
Appendix 1.2. Using the definition of the Poisson brackets introduced in (3.15), one
can then compute the EoM for p’ and ¢*. In [45] E. Cartan introduced an even more

general formulation of the relation (3.16) using the Poincaré - Cartan (PC) form

O = p;dq’ — Hdt, (3.17)

showing that the EoM appear as solutions for curves of Xy annihilating d©, i.e

Xp0d0 =0, (3.18)

a more detailed explanation of this can be found in Appendix 1.4.

As mentioned before, the primary constraints ¢ might not be enough to give a
full set of constraints for the theory. We can obtain further constraints by requiring
¢ = 0. From (3.13) we know that ¢4 = {¢?, Hipr}, which gives us a set of A

equations

{¢*, HY + Ap{e®, 0"} = 0.

Some of those equations might reduce to identically 0, meaning we can leave those

be and concentrate on the equations, which take the form

x"(q,p) =0, (3.19)

and represent another constraint on the theory. These are called secondary con-
straints. Since these constraints are also required to be conserved in time, we follow

the same procedure as for the ¢ and get another system of B equations
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{XP HY + Ac{xP 0“) = 0.

We carry on like that until no new constraints come up and we have discovered all
secondary constraints.

From here on, all constraints will be treated on equal footing and we drop the
distinction between primary and secondary constraints. Instead, we differentiate
the constraints by whether their Poisson bracket {gbA, -} vanishes weakly with all
other constraints or not. If it does, the constraint is called first-class, otherwise
it is a second-class constraint. If all constraints are second-class, we can solve for
all multipliers A4 and determine the dynamics of the theory uniquely. If first-
class constraints are present, the dynamics will not be unique and there are gauge
symmetries present.

The obvious question here is: What are gauge transformations? To answer that,

first consider a Hamiltonian

H=Hy+ ACCC,

where all the second-class constraints have already been solved and incorporated
into Hy and only the first-class constraints Co and their undetermined multipliers
Ac are left. For any function f and differing A, and A¢,, the infinitesimal time
evolution of f = f(t =0) is

fj(t) = t({fv HO} + {f: Qsz}AzJ)? J=12 (320)

From (3.20) it is clear that f;(t) # f;(t) for t # 0, but they are actually only two
different mathematical representations of the same physical state, a necessary con-
clusion for a well-defined theory. The transformation &, f = f1(t) — f2(t) = {f, \i¢'},
with A\; = ¢(\i; — Aiy), which maps the mathematical representations into each other

is called a gauge transformation.
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3.2 GENERAL RELATIVITY

This section gives some more insights into the Hamiltonian formulation in the con-
text of a field theory, by applying it to GR. We will not go through the calculations
in detail, but instead try to give a short and concise overview over the approach
that is applied to field theories to both compute the EoM and count the propagat-
ing DoF.

Using the 3+1 formulation introduced in section 1.2.2, we express the metric of GR

as

—N2%+ N,N* N
g= N 7. (3.21)
N; Yij

Expressing the Einstein-Hilbert action in terms of the lapse, shift and the spatial
metric 7, we see that the action is independent of time derivatives of N and N;,

leaving us only with the canonical momentum of ~

oL o g .y o
n = = % [(’ylkq/ﬂ _ fy”’ykl)"ykl — VINI — VINi2yVEN, . (3.22)
ij

The Einstein-Hilbert action then becomes

S = / d'z 14 — H] = / d'z 774 + NC + N'C;], (3.23)

where

are the constraints which follow naturally from the lapse and shift taking on the
role of Lagrange multipliers, with R() being the Ricci scalar of 4. The EoM for 7
and +, the specific form of which does not matter for this calculation, follow from

the Hamiltonian equations. The EoM for « is simply equivalent to the definition of
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77(3.22). The EoM of 7 together with the Hamiltonian equations obtained from N

and N;, namely

C=0 and C; =0,

are equivalent to the vacuum equation R*” = 0. Note that N and N; are appearing
as Lagrange multiplier, therefore their EoM become constraints on v and .

The next step is to compute the consistency conditions

C={C,H}=0 and C; ={C,H}=0.

From (3.23) we know that the Hamiltonian only depends on C and C;, which is why

we only need to compute the brackets

{Cy),C(2)} x C;,
{C(y),Ci(z)} xC,
{Ci(y),Cj(x)} ox Cy.

The above relations give us two pieces of important information. First, the con-
straints C and C; are the only constraints and, secondly, they are both first-class,
since their brackets vanish weakly. This knowledge equips us with everything we
need to count the DoF the theory propagates.

We start with a total of 16 DoF, with 6 from each 7% and Vij, 1 from N and N’
contributing 3 DoF. We can fix 4 DoF using the EoM we computed above, which
leaves us with 12 DoF. Another 4 DoF can be eliminated through general coordinate
transformations. The last 4 DoF are fixed by C and C;. In the end, we are left with

4 DoF, which is the correct amount for a massless field and its momentum.
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4: DE DONDER-WEYL FORMALISM

This section will introduce the DDW formalism and the corresponding constraint
analysis [12]. The aim will be to give comprehensive, but high-level, insights into the
topic and focus more on the tools necessary for application than the deeper math-
ematical workings of the formalism. Complex details will be put in the Appendix
3 and will be referenced where applicable. There will, however be some passages
where we cannot omit those details in the main text.

We will start by giving an introduction to the formalism and showing an application
to a system of interacting real scalar fields. Then we will introduce the analogue
to the Poisson brackets in the DDW formalism and outline some major differences
between the canonical formalism and the DDW approach. Following that we will

outline the constraint analysis in the formalism.

4.1 INTRODUCTION

There exist several approaches to the formulation of Hamiltonian field theory. The
first and more well-known approach is the one we introduced in chapter 3, which
implies a certain space and time decomposition. One other approach, called the
polysymplectic formalism, originates in the works from T. De Donder [1], H. Weyl
[2] and C. Carathéodory [3] and is entirely space-time covariant. This means that,
both space and time variables enter and propagate the evolution of the theory on
equal footing'.

The De Donder- Weyl formalism is one such approach, where the generalized coor-
dinates ¢* are the field variables to which we define a set of canonically conjugate

momenta

o oc
mh = W, (4.1)

! Evolution in this context can mean both time-evolution or any other space-time development
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where £ is the Lagrangian density. The DDW Hamiltonian can then be constructed

in the form 2

Hpw (¢, 7t) i= wh 00" — L(¢%, 7h). (4.2)

The Euler Lagrange equations can be written in the form ([46, 47, 48])

OHpw
ot

~ OHpw
olos

Oumh = and 0,0" = (4.3)
and are called (DDW) Hamiltonian equations due to their similarity to the canonical
Hamiltonian equations.

Instead of the phase space spanned by (¢,,7,) like the phase space of the canonical
Hamiltonian formulation, we work with a phase space called extended polymomentum

phase space spanned by

M. (x“,(;ba,ﬂ'g), 1<M<m+mn+n, (4.4)

where p € {1...m} and a € {1...n}.

The ability to compute a Hamiltonian in a covariant way and several other interesting
features make this formulation seem like an attractive tool to inspect theories in
the realm of GR. However, until lately there have only been a small number of
publications that studied its application to relativistic field theories, some of them
are [16], [14] and [15]. Recently there have been some interesting developments in this
space. Some publications of note are inspecting the MM theory [50] mentioned in
section 2.2 and BF gravity [51], a reformulation of GR which was introduced in [52].
A big part of the recent developments in this field were thanks to I. Kanatchikov
( [12, 53, 54, 55, 56, 57, 58] ) and most of the following chapter will be based on his

work, unless otherwise specified.

4.2 AN APPLICATION, OR A MANUAL

Based on chap. 6.1 in [12] this section is supposed to give the reader an overview of

the DDW formalism through a hands-on example. In this demonstration we will be

2Note that the DDW Hamiltonian is defined with the Lagrangian density £ instead of the La-
grangian L.
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looking at a system of interacting real scalar fields ¢® described by the Lagrangian

density

1
L= B 010" g + V(0), (4.5)

with the interaction term V' (¢). It is straight-forward to compute the polymomenta

from the given Lagrangian, i.e.

mh = 0 g.

The DDW Hamiltonian is then just

1
Hppw = 1h0,¢" — L = 5”5”2 - V(9).

Having assembled all the necessary ingredients, we can compute the Hamiltonian

equations, which become

8M7Tg - - Do = —§aa(71'571'“) + aav(¢) (4'6)
a 1 a v a
0u9" = 5(9#(7% m0) = L (4.7)

The second equation gives us the known relation between ¢ and 7. In the first
equation, the first term on the right-hand side vanishes since Oy}, = aﬂa%a =

0,0y = 0, which leaves us with

Ot = Oy = 8aV(9).

The above equation is the well-known Klein-Gordon equation for interacting scalar
fields.
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4.3 POLYSYMPLECTIC FORM AND HAMILTONIAN
MULTIVECTOR FIELDS

4.3.1 NOTATION AND DEFINITIONS

We will follow the notation introduced by I. Kanatchikov in [12]. Extended polymo-
mentum phase space can be viewed as the bundle II : Z — M over the space-time
manifold M. The coordinates introduced in (4.4) are the local coordinates of Z.
The coordinates 2V = (¢%, k) are referred to as wvertical, while the space-time co-
ordinates x, are referred to as horizontal components. We will follow through with
this distinction for subspaces and other objects related to these coordinates. For an
introduction into vertical/horizontal bundles and vectors, see Appendix 1.1.

Before we move on, let us introduce some important objects we will use in this
chapter. A wvertical vector is an element of TV Z := kerTII with the coordinate

expression

XV = X0 + X[0) = X"0,,

where 8;} denotes a derivative by 74 and 9, is the derivative by ¢®. In the same way,

P
a p-form [ is called horizontal, if it’s coordinate representation can be expressed as

- ;Ful.,,up(z)daz“l Ao Adate, (4.8)
Note that this means that a contraction of a horizontal form with a vertical vector
always vanishes. We call a p-form element of the subspace of (p— q) horizontal forms
A, if its contraction with any (g + 1) vector vanishes.
We call a p-multivector field )];' vertical, if its inner product with any p-form vanishes.
In the coordinates (4.4) it takes the form

pV 1 pvi--Yglg+1---Hp-1
X .

= By Ao Ny, Ay Ao Ny (4.9)

Hq+1
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where the index v references the vertical coordinate z¥, which we defined above.?
The wvertical exterior derivative d¥ of an arbitrary p-form & = 1%!(I)M1~~MdeM1 A

- AdzMr is given by

1
dV(I) = Eavq)Ml...MdeU A dZJV[1 VANRERIVAN dZMp- (410)

4.3.2 THE POLYSYMPLECTIC FORM

Starting out from a Lagrangian density £(z,, ¢, ), we are able to construct the

polymomenta

oL
h = ————, 4.11
5(0,6%) (4.11)
and the DDW Hamiltonian
Hpw (zt, ¢%, wl) = 7t 0,0 — L(xp, ¢, 7). (4.12)

This is analogous approach is the way undergraduate students first learn to compute
the traditional Hamiltonian and the resulting Hamiltonian equations from a given
Lagrangian. However, there is another approach using the Poincaré (PC) form,
which we introduced in (3.16) (or more detailed in Appendix 1.4). The expression
Xpo2=dH from (3.16) can be restated in the DDW formalism as

n

\%4
X 20V =(-1)"dVHpw, (4.13)

where n is the spacetime dimension of the manifold M and the superscript V denotes
the vertical components defined above. The polysymplectic form QV is obtained from
the PC form of the DDW formalism, which is known to be

Opw = 7'('5 A do®* A 8“JV — Hpw'V, (4.14)

where V is the volume form given by V := dz! A --- Adz™ (see [59, 60]). From here

on we use V), = 0,.V. The exterior differential of © is the form

3The wedge product is defined for both vectors and covectors, see Appendix 1.2
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Qpw = dﬂg A de®* A a,uJV —dHpwV. (4.15)

As shown in section 1.4 the variational principle of least action can be reformulated
in a way stating that the Hamiltonian vector fields of the allowed trajectory in
phase space annihilate the differential 2-form = —d© *. The vertical parts of
are obtained by first separating © into its vertical and horizontal part, yielding for

the vertical part

QY = —d¢* ATt AV,

After that we take the vertical derivative from (4.10) of ©", which gives us

QV == —d¢® Adrt AV, (4.16)

0V is called the polysymplectic form. The co-exterior product of two forms is defined

as5

p a . f P q
Fep=x"|xFANxF|, (4.17)

6

which is both graded commutative ® and associative. The inverse Hodge star is

defined as + 1 x w® = w® for an arbitray p-form.

4.4 POISSON-GERSTENHABER BRACKETS AND EQUATIONS OF
MOTION

An important distinction between the traditional Hamiltonian formalism and the
DDW formalism is the fact that instead of vectors, we work with multivectors (see
Appendix 1.2). For these multivectors a generalized Lie derivative for an arbitrary

g-form @ is introduced [12]

“The interested reader is also referred to [60] or [61].
®You can find a definition of % in section 1.2
SI.e it picks up a factor (—1)P? under commutation.
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Ly® = X.dV e — (—~1)PdY (X ).

Starting from this derivative it is possible to define a generalized Lie bracket of
multivector fields, which we will need to construct a Poisson-style bracket for the
DDW formalism .

P
Given 2 it is possible to define Hamiltonian multivector fields X p for which there

n—p
exist a horizontal (n — p)-form F , s.t.

n—p

Xr0=d"F . (4.18)

The Poisson-Gerstenhaber bracket between two Hamiltonian multivector fields can

now be defined through

p q S
[Xl, X2] =Ly dv Fo (4.19)
1
p S
= (—1)n_rdV(X14dV FQ) (4.20)
= —d"{F1, 2}, (4.21)

where r = n —p, s = n —q and {.,.} is the graded Poisson-Gerstenhaber bracket
(PG) [12] defined for the DDW formalism

{1917}?2} = (—1)n7r()p(1JdV fs?2) (4.22)

The bracket has several special properties, among those is that it’s degree is given
by

p q
deg{F1,Fo} =p+q+1—n, (4.23)

such that the bracket only exists if p + ¢ > n — 1. The bracket is also graded

anticommutativ, meaning
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{F1, Fa} = (=1 P (1) frg, 1} (4.24)

and fulfils the graded Jacobi identity

p q T q r p
()" P )T HE AR FY + ()P (=) Y PR, FY
n—q—1 n—r—1y 1 P 4
+ (D)D) HEAR FY =0
It is called Poisson-Gerstenhaber bracket, since the bracket together with the co-

exterior product forms a Poisson-Gerstenhaber algebra [13] with properties (4.24),
(4.25) and

p g P oa. T qg p T

(F,FeF}Y={F F}o F +(=1)"PD0=0) pof o @}, (4.25)
The DDW Hamiltonian Hpy is a form of degree 1. Therefore, following from
the degree counting (4.23), the only forms that give a non-vanishing bracket with

Hpw are Hamiltonian n — 1-forms. Let us first compute the bracket of a general

Hamiltonian n — 1-form

F:=F"v,,

with the associated Hamiltonian vector field

Xp = X%, + X1OL.

From the equation

XpQ=d"F

when written in its components follow the two conditions
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X1 = — 9o (4.26)
XV = 9, F". (4.27)

The conditions (4.26) and (4.27) constrain the choice of n — 1-forms, which can be
Hamiltonian. From the first condition one can deduce the most general form of a

Hamiltonian n — 1-form to be

Ft = —gh X%, ) + g"(9, x),

where X and ¢’ are arbitrary functions of ¢ and x. As next step we introduce the

total co-exterior derivative d of the form F' by z,,

1
de = (0aF"0,0° + OLF" 0, + 0,F")da" o V. (4.28)

(n—p)

Using the Hamiltonian equations (4.3) and (4.27) we obtain the relation

de F = (—1)"{Hpw, F}V +d"" e F, (4.29)

where d"" ¢ F' ~ 0, F"dzt eV, appears only for forms which have an explicit space-
time dependence. The canonical equations (4.3) of the DDW formalism can now be
expressed in terms of the brackets we defined above. First, we construct two new

n — 1 -forms m, = p,V,, and ¢y, = ¢"V), and get the two equations

der, ={Hpw,m.} = —0.Hpw, (4.30)
de ¢, ={Hpw, 9.} = 0 Hpw, (4.31)

which is exactly the Poisson bracket formulation of the Hamiltonian field equations.
It is interesting to note here, that this entire construction relies on Hamiltonian
n — 1-forms, since those are the only forms that have non-vanishing brackets with
the Hamiltonian Hpy, which is a 1-form. Although there has been some exploration

done into a formulation allowing forms of degrees other than n — 1 [12][58], so far
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there has been no significant progress made in this direction. This is somewhat
cumbersome as we see in the following sections, where we will encounter other forms

from which we will need to construct n — 1 forms before we are able to continue.

4.5 CONSTRAINTS

Same as in the canonical Hamiltonian formalism, there may be constraints in the
DDW formalism. These constraints also appear in the same way and take on the

form

Ca(¢, ) =0.

Following the canonical approach, these constraints are also called primary con-
straints to emphasize their stark similarity to the primary constraints of the Hamil-
tonian formalism (see [13]).

This means, that the DDW Hamiltonian is not unique and is weakly equal to

Hpw = Hpw +uaCa = Hpw,

where uy are arbitrary coeflicients. Continuing the analogy with the canonical
formalism, we will classify the constraints using the PG bracket. For that reason, as
mentioned in the previous section, we will need to constrain ourselves to constraints

from which we are able to construct Hamiltonian n — 1-forms

Cm = CLV,,

which contract with 1-forms »™ that function as Lagrange multipliers to u" e C,, =
uaCa (note that A in this case is not an index). A constraint is called first-class, if

it’s PG bracket with every other constraint vanishes weakly, i.e.

{Cr,Cat 0 YCh.

If this is not the case for at least one constraint, it is called second-class. As with

the canonical Poisson bracket, the first-class property is preserved under the PG
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bracket (see [13]). It is also necessary, that the constraints Cp, fulfil the consistency
condition d e C,,, = 0 for the total co-exterior derivative (4.28). From this condition

follow the relations

deCp, = {I:IDWaCm} ={Hpw.Cn} +u" ¢ {Cpn,Cn} ~ 0. (4.32)

Following Dirac’s terminology [11] the above relation can either impose a constraint
on the u™ or reveal a new constraint on ¢® and 74 called secondary constraints.
For those constraints it is again necessary to check whether they fulfil the condition
(4.32) and whether they yield an additional secondary constraint or constrain the

T
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5 DE DONDER-WEYL HAMILTONIAN
FORMALISM APPLIED TO SO(1,5)
GRAVITY

In this section we will apply the DDW formalism to the SO(1,5) theory of [10].
In section 5.1 we will start by inspecting how the construction of the action and
therefore the breaking of the symmetry from SO(1,5) down to SO(1,3) x SO(2)
affects the EoM obtained from the formalism. To keep the equations simple we
will use a real spin connection. In the original paper it was argued that the spin
connection must be complex. We will inspect the complex action in the following
section 5.2 through the lens of the DDW Hamiltonian and see if are able to obtain

the same results as in [10].

5.1 THE EQUATIONS OF MOTION FOR SO(1,5) ACTIONS WITH
REAL SPIN CONNECTIONS

The SO(1,5) theory from [10] is, like the theory of MacDowell and Mansouri [5], a
strongly geometric theory, which offers itself to analysis with geometric tools like the
polysymplectic formalism by de Donder and Weyl [1, 2]. We will apply the DDW
formalism to the action of the SO(1,5), compute its EoM and study it’s behaviour
under the symmetry breaking from SO(1,5) down to SO(1,3) x SO(2). Unlike the
Lagrangian approach, where we would obtain differing EoM, depending on whether
we break the symmetry before or after the variation of the action, we expect this
to not make a difference for the DDW approach. This chapter can also be seen as
a practical example and continuation to chapter 4 and can give more insight into
applications and advantages of the formalism. More detailed calculations can be
found in Appendix 2.

Instead of taking only the projection of SO(1,5) down to SO(1,3) x SO(2) into

45



consideration when constructing the action as in [10] (see (2.21)), we inspect the full
SO(1,5) action

I_/Tr(F/\F) _/(FAB/\FCD)QABCD, (5.1)

where F' is the curvature F' = dA + [A, A] of the entire SO(1,5) gauge field (2.9).

In components, £ takes the form

1
L= fZFlﬁ,BFpC;DEWPUQABCDa (5.2)

where we used the usual convention for spacetime indices (greek) and the group
indices A € {0,1,...,5}. The factor Qapcp originates from the formulation of
MM in [5], where they introduced a tensor, where every combination of AB (or CB
respectively) is tied to one of the generators of the Lie group and which is symmetric
under AB < CD and fulfils the equation

GH GH
[ aperQcucop — [ cpapKaner =0,

where the constants fPF, 5, are the structure constants of the gauge group (SO(1,4)
in the MM case). The constant in this theory was used to construct the most general
action from the curvature and turned out to be the Levi-Civita symbol €;;;; in the
MM theory'. The tensor Q 4pcp is defined as

1
QaBcp = E(WACUBD — NADNBC) (5.3)

and fulfils both of the aforementioned requirements. From this we can go on and

compute the polymomenta

oL

AB — __ 9%
" 0(0uALP)

= —FpC;DE#VpUQABCD. (5.4)

Remembering (4.2), we can compute the Hamiltonian for the gauge fields A/’:‘B ,

namely

!Note that the Levi-Civita symbol is actually a tensor density, which transforms like a tensor field
but is weighted by a power W of the Jacobi determinant of the coordinate transformation.
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1 v 1 1924
HDW:_EEIJVPUQABCDHH ¢ — B ABA[MKAV] : (5.5)

The De Donder-Weyl equations then take on the form

1 o
aﬂAfB = _7QABCD€},LV/JO'H%D A['UJA 1 and (56)

0Tl = — AR T (5.7)

If we inspect the first of the above equations more closely, we see that both terms
on the left hand side are antisymmetric under g <> v. This allows us to express
8MA;§B = 28[uAf]B, which we will use from now on. Following the same procedure

as in section 2.3 and a € {0,1, 2,3}, we introduce the notation

ab ab a . pa4d
W, Au ey = Aj

a ab _ ad45

bty = AM A, = Au ,

and continue this notation for the polymomenta, giving

=1y p =TIy
PO =TI o = TIhY

Before we express the De Donder-Weyl equations in this notation, let’s mention that
the only non-zero constants QABCD are Qabed, (Qodbd = Qadbd — %nab, Q%% and,
since they are antisymmetric in the first and last two indices, Q?%°?%, Q*%4¢ and Q°*%4.
As always we use lower case latin indices to indicate an index running from 1 to 3.
In the following, we will compute the EoM explicitly for the w-field for readability.
The derivations of the EoM for the other fields can be found in Appendix 2.1.

The first line in (5.7) gives us

a 1 aocC 1 a
@Lw b —gﬁuypo—Q b d Cd — 5( [/'LC I/} t[NtV] e[ueg}), (58)

which we can solve for ngl; . To accomplish that, we need to use the relations
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3 L. . il...ink‘n+1...k‘m _ _ kn+1 k)m
€i1 i jrs1onjm € =nl(m 71)!(5[jn+1 "'5jm] and

QapcpQ PP =646,

where 55"11 e 6;.“’”] signifies a total antisymmetrisation of all m—n Kronecker deltas.

In our case this becomes €, € Y = 4(5{;53}. Using the above relations, we can solve

for 7% and obtain

= —e“”p"Qabcd(w[Cuewﬁ]d - t[cutl‘f] - e[cueff} + 28[uw§?). (5.9)

Restricting (5.7) to the index pair {a, b}, i.e. to 7y, gives the relation

Oty =~y + euaph) " + tugapy " (5.10)

We can now substitute 7/} from (5.9) and the expressions for the other polymo-
menta, which we derived in Appendix 2, into the above equation. The polymomenta

of the vielbeins and A are

P = =Py, (28@63—] T w?pceg} - tl[]pAU]>’ (5.11)
PO = e (00,8 ety + el Ay ). and (5.12)
gr — ehvpo (e[pctf,] - 28,)Ag). (5.13)

The EoM for w takes on the form

__ _puvpo c ed c 4d c _d cd
0=¢"P Qabcd [@t (w[,uewu] - t[,utl/} B e[MeV] + 26[NWV] )

c d . fe d se d e de
—i—w#e (w[pfwa} — t[pta'} — e[pea} + 2(9[[,&)0] )]
e [e/m (26@62} + w[cpdeg] - t([:pAU])

o (20,1 + whatd) + e5,45)) |, (5.14)
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which looks rather complicated. To simplify equation (5.14), we can use the com-

ponents of the curvature F = dA + [A, A], namely

FAMV = ((Z?)M §RZ’b/ o ?Neb} [u l;] =P ed Qabcd

FANV jg—l’(l)u,/ = 28[/14811} + wﬁl,celcl] — tELAV] = 770’ EMVﬂO'qé )po‘
2

FAuu = Fpp) o = 20t + wi, oty + e, Ay = nabewpaqlg )po

b
Fipw = Flayw = 20, 4,) — epaly),

where RZ = W, V} + 2w[uc 5? Substituting the curvatures and expressing the

EoM of w in the language of differential forms, it takes on the shape

QabcdDwF(cﬁ) =eq N\ FP(l)b + i, N FP<2)b7 (5.15)

where D, = d4wA is the usual covariant derivative with respect to w. To derive this
expression we used the fact that WZ[aQb]cde = Qabedwy,- Now that we have computed
the EoM, we can break the symmetry of the theory down to SO(1,3) x SO(2). This
breaking of the SO(1,5) symmetry is achieved by requiring p(M) =0 and p®@ =0,

which is equivalent to saying I} 12 = = 0 and gives us the equation of motion

Qabea(€ NFe) +1° N Fo)) = eq A Dyey + ta A Dty = 0. (5.16)

This is a similar equation to (2.17), but differs from it by the factor Qupeq. However,
in this context Qupcq gives exactly the same behaviour as €gpq, i.€. from its definition
(5.3) we see that all combinations ¢ # d yield both a positive and a negative tensor,
which cancel each other out, and the case ¢ = d vanishes by definition.

We are able to obtain the exact same equation as (2.17) by breaking the symmetry
before the variation, like it is done in [10] and [5]. We accomplish this by constructing

the action as

S= /Tr W AF) —0 /FA/\*FA (5.17)
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Doing this, the Hamiltonian takes on the form

1
Hpw =~ geumpr Q" mly w07 + 201077)
1 b b b
2 [ gll)j(w[ucwu] ([l,ueu] - t([lutu]) - elwe[uatu] : (5'19)

The De Donder-Weyl equations for the w-field are

Hp 1 1 1
8#(*)31) = aﬂ_,uzj - SGMVpUQade cd *Wﬁu ,/] + - <6[N V] +t([1 tb}) and (520)
a
v _ OHpw
Opry, = Db = ~Tac Wob- (5.21)
v

Solving for 7 in the first line and then inserting the expression into the second

equation in the same way we did before, we get the equation

eq N Dyep +ty N Dty =0

For the other fields, we get the equations

U2t“/\FA+eb/\F(w)ab:O
(726&/\FA—tb/\F(w)ab =0
dF4 = 0.

The above expressions are the same as in (5.16), showing that in the DDW formalism,
the timing of the symmetry breaking has no influence on the result. If, instead of
using Qupeq in (5.18) we were to construct the action with €4pcq4, i.6. in exactly the

same way as in 2.3 and [10], we get the EoM

Eabcd(ec A Fg(l) + tc A\ Fg(Q)) = O,
o2t N Fa + €gpeqe’ N F(d y =0,

(5.22)

0'2€a VAN FA €abcdt A F(w) 07

dFy = 0.
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Of course, we have slight deviations in both approaches, since we chose to use dif-
ferent constants, but they both fulfil the aforementioned requirements stated by

MacDowell and Mansouri and yield therefore valid solutions.

5.2 THE SO(1,5) EQUATIONS OF MOTION WITH A COMPLEX
SPIN CONNECTION

Since the EoM (5.22) only give a solution, where w = 0, we also need to inspect the
action containing the complex vielbein ¥® = e® 4 it® and complex spin connection
w = T +io that have been introduced in [10]. The complex vielbeins fulfill a SO(2)-

invariant constraint, given by

CIL_I - Fap(l) + Z’]F(Il;,@) - (dw - ZA) VAN wa - O (523)

The action (5.18) then becomes

= ‘% / cabea($* N Y™ A (ReR — 4 A *) — Re(R™ A R*)) (5.24)

0.2
-5 /dA/\*dA, (5.25)

which is the action of equation 2.41 in [10] with the added topological term

% f Re(R“b A RCd)eabcd. Even though it drops out during the variation of the action
and is usually omitted when writing down the action, it is necessary for the com-
putation of the De Donder Weyl Hamiltonian. It is ignored in the original theory,
since terms like this always vanish during variation of the action. To compute the

polymomenta, we need to write the action in it’s components

1 * C c e c e C 1k
J=— 3 /EabchNVPU [21#&711”]()(26[,)70? + T[peTaf — a[peaof]i) — 2¢[pq/;aﬁ’)
= (2075} + it = oheos ) 0rsf + Tt = ofeoi)

02 a3
-5 / GG 010 Ay Ay

The only non-vanishing polymomenta are
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v, oL 1 vpo cd c _ed c _ed 1 c 1 xd
T':ltb = a(aMTgb) = _ieabcdeu P (—28[107'0_} - T[pe'ro.] + O—[peo-(ﬂ + iw[lo"/}o] (526)
oL
2 — _ S2ap By
O = iy~ 0 G s, (5.27)

where the polymomenta associated with the complex vielbeins 1 and ¥*, namely

UL and W respectively, vanish because the vielbeins do not appear as derivatives
oL

50,457 )

Having assembled all the ingredients, we can now write the De Donder-Weyl Hamil-

in the action (remember the definition of the polymomentum ='y’; =

tonian as

1/1 s 1 ,
Hpw =~ 3 <eab6deng5§T§d + ;G#aeugeaﬁau

v c ._ed c _ed 1 c ,xd
+ TZb |:(T[pe7—a] o U[peaa]> + §w[p,¢a] (528)
1 *¥b 1 C 1%
a 46ab0d6uupawﬁlwy}bw[p¢j>'

We can compute the De Donder-Weyl equations and get

0Ty = =Tl 7, (5.29)
90" =0 (5.30)
1 * 1 * *
6M\IJZW =0= ETZ‘; o-d - Zeabcdﬁuupgwyb [Cpewo-j:d (531)
* UV 1 g 1 v *
OV =0 = JTLiug — S €abede™ " Ui, (5.32)

where the last two equations are naturally zero since the associated polymomenta

are zero. The EoM are

d, (ReR”b FtA w*b)eabcd =0 (5.33)
d9=0 (5.34)

€abod (ReRCd —2y° A ¢*d) A =0 (5.35)
€abed <ReRCd —2y° A w*d) AP =0, (5.36)
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where the last two equations are of specific interest for us. We can easily see that,

under the substitution ¥ = e + it, we get

€abed [ReRCd -2 <€c A €d + N td>} A eb =0 and

€abed [ReRCd — 2(ec Aed + 1A tdﬂ At =0.

If we now use the parametrisation e = €% around a proportional background t* =

ce® (c #0), the two equations above both reduce to

€abed [ReRCd -2(1+ cz)écéd] neb =0, (5.37)

which is the same EoM from [10] that we introduced in section 2.3.

We see that the DDW formalism is a valid alternative to the usual approach of
the variation of the action, giving us the same solutions and additionally leaving
us the freedom to choose at which stage of the calculation we want to break the
symmetry. As we mentioned in chapter 4, the DDW equations are equivalent to
the Euler-Lagrange equations. On first glance, this fact might seem paradoxical,
since the EoM obtained from the Lagrangian differ depending on where during the
computation the symmetry is broken down [50], while they are the same if we use
the DDW approach. After all, the actions (5.1) and (5.18) are different actions by
construction. This contradiction can be cleared up by taking a closer look at the

polymomenta. The polymomentum pgl)“ " can be interpreted as the variation of £

a »
v

with regard to the derivative J,ef,, ”carrying” the information about 5§Le = with it.
"

v

We thereby never lose information about this variation during our calculations and
during the projection from SO(1,5) down to SO(1,3) x SO(2). This is not true for
the classical variation of the Lagrangian. If the symmetry gets broken down during

the construction of the action, information about g‘:e = and its influence on the EoM
27

is lost, since it is not part of the Euler-Lagrange equations. On the other hand, if
the projection is taken after the variation of the action, the EoM are influenced by
the variations of fields which are in the complement of the final symmetry group,
therefore yielding a different result.

An interesting question here is whether there is one ’correct’ approach and whether
there are underlying mathematical or physical justifications for either approach. The

obvious first answer here would be that, breaking the symmetry with the construc-
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tion of the action led to Einstein’s equations in the MM case [5]. Since the projection
down to SO(1,3)x SO(2) or SO(1, 3) respectively has been done by hand, there have
been attempts to put these processes onto more solid mathematical foundations, for

example in the context of Cartan geometry [62].
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6 AN EXPLORATION INTO CONSTRAINT
ANALYSIS OF BIMETRIC THEORY IN
THE DE DONDER-WEYL FORMALISM

This chapter is an analysis of the constraints of the bimetric theory described in
section 1.4 under the lens of the DDW formalism formulated in [12] and introduced
in chapter 4. We will start by computing the DDW Hamiltonian for the bimetric
theory in four dimensions and the constraints following from this computation. Af-
ter that we will show a construction of n — 1-forms from the naturally occurring
constraints and explain further steps, like the calculation of all the brackets and the

consistency constraints 4.32.

Recall the bimetric action from section 1.4 of the form

4
SHR = /d4l' (mf,V?gR(g) + m?@\/ij(f) - 2m4\/ngBn€n(S)> . (6'1)
n=0

To compute the DDW Hamiltonian, we will split this action up into the three parts

Sur = Suple,w| + Sup[t, 0] + Sintle, t], (6.2)

where

A
Suple,w] = mg/eABCDeA AeP A <ROD(w) + ZeC A eD> (6.3)

24

is the Hilbert-Palatini action (1.12) for the vielbein e and the spin connection w.
The second action Sgp[t, ] takes on the same form as the first and the third action

is the interaction term between the fields ¢t and e
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Sintle, t] = —4m mf/d reapopet? [61 ﬂtty]t[pta]
(6.4)
P2 A B0 P3 A B cyD
T wentolol T g )l |-

In the above action we used the fact that 5o = — (361 + 302 + 83) and By = — (51 +
382 + 303) is a necessary condition for a solution where both metrics constructed
from e and t allow flat-space solutions [22]. Following the approach in [22] a general

vielbein can be written as a Lorentz boost A(p)4 for any given 3-vector p®

Y p”
Ag(p) = T (6.5)
Po Oy + 537 P

where v = /1 + p,p?®. This gives us a general vielbein, which is an upper-triangular
vielbein f;‘ of the form (1.9), on which A% (p) acts. It takes on the form

; b i a
— AT = <M+Mltm My 4 M (02 >>.

tiPa (0% + Pery)

Luckily, due to overall local Lorentz invariance, we are able to set p® = 0 for one of

the vielbeins, which we will do for e, s.t. it takes on the form from (1.9), namely

N
el = -0 (6.6)
oo\egnNT el

]

Also, because Sy p is Lorentz invariant we may transform ¢ in such a way that p* = 0
during our treatment of this term.

We can start by computing the polymomenta of the theory and see that the only
fields which show up with a derivative are w and @ in R45(w) = dw?? + wi A wCE.

The polymomenta are therefore straight-forward to calculate giving
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oL 1
pwo .~ pvpo C D
TAB — 8((9“%?3) = 46ABCD6 €[pCo)

oL 1
~pro _ = uvpo C 4D
TAB = 78(@@%3) = 46ABCDE tpt

oL
P‘ul/ = — =
A 8@&5) 0

- oL
) 2 ——
A= 3o

o)’

(6.7)

From the above equation we can identify two primary constraints, i.e.Cé‘ 113/) =Py~

0 and C’é‘ Ig) A= PYY 0. These turn, due to the 3+1 reformulation of the vielbeins,

into constraints on the polymomenta of N N¢, ef from C’é* }Z) 4, and constraints on the
"7

(P)A

From the first two equations of (6.7) we obtain the constraints

polymomenta of M, M?, t¢ and p® following from C

1
Clayap = Tip — JeaBepe el eq ~ 0, (6.8)

v g 1 vpo
Céﬁ”r)AB =g — ZEABCDGu ’ t[c;,t?] ~ 0. (6.9)

Inspecting the several combinations of space-time and Lorentz indices we also see

that the only non-zero polymomenta 7 and 7 are

1

i ~  ~ijkatl b _c
7Ta0 = —5 abcﬁj N elek,
i0 ~  ~ijk _b_c
Ta0 = Zeabcﬁj ejek7

] g

iy _ -~ ~jgk c
Mah = 5 €abee ¥ Neg,
where €.pc = €pape-

With all the necessary work done, we are able to write down the DDW Hamiltonian
Hpw = b 0,¢" — L, yielding

Hpw = = (#hipuiiowd? + #ipofoad?) (6.10)
~ MCup) = M'Clanyi = NCiwy = N'Clyi-
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The second line in the equation above follows from the £;,; part, where the lapse and
the shift of both vielbeins turn out to take on the function of Lagrange multipliers,

yielding another set of constraints of the form

Coary = Eapet* 56% ehef, + i ejeitipy 561 (3tﬁp7 SPoei + 2t{putipieip )} (6.11)
Clanyi = Eapel’™ 663 t{paefehef + i tipatipierei + — o (3t PatV Bt hef (6.12)

+-2t“’petgpdt£pf€z)] (6.13)
qm=%£”%zwm%ﬁ+iﬁmﬂm+&@W¢+%ﬁ%ﬂ(m@
Cinyi = Eapel ™ 5 Ctdpdt “tfpf + %ebtdpdef Do + BGSebtdpdekel} (6.15)

where we defined p} == (62 + Iifj ).

Before we move on and write down the total DDW Hamiltonian, we need to
construct n—1-forms from the constraints to follow the procedure outlined in section
4.5. We will do this for N and C'y), since the process is the same for every constraint.

When constructing our n — 1 form C(y), we require that

N e Civy = NCw),

causing us to also define a construction for N that yields a 1-form A/. We define the
simplest n — 1-form C(p, == C(x)V,,. To discern the reason why N is a 1-form, we

need to look at the definition of e, i.e.

NOC(N) :*71(*N/\*C(N))‘

Since x maps a p into a n — p form (on an n-dimensional space) and we know that
NC' has degree 0, it is necessary that the term inside the parentheses is an n-form.
A maps a p and a g-form into a p + g-form, therefore N needs to be a 1-form. We

choose the simplest form for A, namely
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N = kNdz*, (6.16)

where k is just a constant which is inverse to the dimensionality factors that come
from resolving N e C(yy into NC:

NeCiyy = *_1(*NA*C(N)) =x 1 ((xN, CanV) (6.17)
1 4

T NC(n. (6.18)

Where we used the properties of both the wedge product and the Hodge star men-
tioned in section 1.2 and the fact that x~'V = 1. Since both N and C(n) are not
differential forms we were able to take them out of the inner product in the second-
to-last equality, leaving only the product (V*,V,). From the above computation we
see that k = ﬁ.

To help with following calculations, we will calculate some simple brackets from the
definition (4.22), yielding

(T Vi, wSPY = s8I 50, {mhin Vi, wS PV, = 88l sV, (6.19)

{rhr, WGPy = stouslCstl (W, Ny =1, {4V, NV,} =V, (6.20)

(V"NV} =d, {¢hViu N} =65, {¥hVi, NV} = &V, (6.21)

{Ytt NPV} = b0k, {PMV,, e} = 646t PV, eV} =640V, (6.22)

{PL, eV, } = 6,0564. (6.23)
Where we defined the polymomenta y# := 5 8# N), Yo = 5 []:Va) and P/ agi

It is good to know here, that the multivector field corresponding to the n — 1 forms
constructed from the polymomenta are just the negative partial derivatives by their
corresponding fields, which can be shown by a straight-forward calculation starting
out from (??). The above calculation is mirrored for the other polymomenta pairs
M + x*, M <> x4 and t < P and p* < 0,. Also note that, by definition, the
only non-vanishing bracket of a field is with its polymomenta.

The total DDW Hamiltonian can be expressed as
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Hpw = Hpw + X7 e Cloyan + Nyl e Cloyan

+rfe Pl e Pit e+ ey (6.24)
+& o+ X' @ xi+ K% 00,

where the construction (6.16) is implied for all constraints and multipliers.
The next step is to look for secondary constraints following from the consistency
condition (4.32), i.e.

deCp = {]:IDW>Cm} = {Hpw,Cn} + u" @ {Cpn,Cn} =~ 0. (6.25)

Since we know that a lot of the constraints can be used interchangeably by just
exchanging the corresponding components of e and ¢ and/or w and @, it is not
necessary to write down all results from this computation. The calculation of the
condition d e ¢ =~ 0 will be done in some detail, to give the reader an idea of the

steps necessary. The condition for ¥, the polymomentum of N, takes on the form

dey = {Hpw, vV, } = \iP e {Clr) 15 0" Vi)

AB C_D 1)
= )‘p b {_eyypgeABCDe[peg]Vl/vd} %}a

where the second-to-last equality is a result of the fact, that the only constraint
containing N, which gives a non-vanishing bracket is C(“ﬂ) 4p- There is obviously the
Nin N e C(n), but that term does not impact the result, since it is multiplied with
a constraint which is always zero on the constraint surface. Since the terms in the
bracket commute and we know that X, = _8%7 we can use the definition of the

bracket and get
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e (1 0 vpo
)\ZXB <(_1) ( 1)(_a—N)JdV(—e“ P eABCDegeﬁVV))

0. 0 [
= )\;:13 <_(8N)"ae(€ (_EM 2 eABCDe[C;SﬁVy>d€5E>

0

= —)\Z‘B ° (E’uypaeABcpeg’VV) ~0

The last line does neither evaluate to identically zero nor put a constraint on )\ﬁB,
therefore it is safe to assume that we have found a secondary constraint C(?) ~ 0.
With this calculation we have actually found another constraint. We know that
{ﬁ pw, X"V, } takes on the same form, if we only replace the components of e with
the corresponding components of ¢.

The above analysis has been done for more constraints and can be found in section
3. Next steps would be the completion of the above analysis for all constraints, the
identification of further secondary constraints from the consistency conditions and
classification of said constraints into first-class and second-class. From there on,
one would hypothetically be able to count the constraints on the theory and judge
whether the above analysis yields the correct number of constraints to propagate
neither too many nor too few DoF. Even though there wasn’t any literature avail-
able, proving the hypothesis that first-class and second-class constraints remove the
same amount of DoF in the DDW as they do in the traditional Hamiltonian formal-
ism, one could make a good argument for such an idea due to the stark similarities

between the two formulations.
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7 CONCLUSION AND OUTLOOK

This thesis was devoted to introducing the DDW formalism in the context of spin-2
field theories. We started out by outlining the important features of the most promi-
nent spin-2 theories in chapter 1 and introduced several gauge theoretic approaches
to a spin-2 theory in chapter 2. In chapter 4 we gave a high-level introduction to
the formalism and applied it to the simple example of scalar fields in vacuum.

In chapter 5 we applied the DDW formalism to the SO(1,5) gauge theory of bimet-
ric theory from [10], which we introduced in section 2.3. The theory is based on the
approach by MacDowell and Mansouri [5] and follows the same approach, where the
symmetry of the action is broken down to the subgroup SO(1,3) x SO(2). In the
aforementioned approach, the symmetry is broken by construction of the action. In
section 5.1 we showed that, we would get the same EoM, independent of whether
we followed the construction from [10] or used a general action with the complete
SO(1,5) action and took the projection into SO(1,3) x SO(2) after the calculation
of the EoM.

We also computed the EoM of the SO(1,5) theory with the complex vielbein

1 = e + it and came to the same results as the original works in [10].

The stand-out feature of the DDW formalism is its covariance. It allowed us to
keep the calculations more concise by not having to treat time derivatives separate.
Another interesting advantage of this formalism is the fact that the polymomenta
‘encode’ more information than the canonical momenta of the Hamiltonian formal-
ism. This allowed us to obtain the same results, even if we took the projection
into SO(1,3) x SO(2) in differing ways. Unlike in the MM approach, where we lose
information by requiring the curvatures of e and ¢ to vanish [50], the information
about the curvatures ”travels through the calculation” with the corresponding poly-
momentum. The next big question here is, whether the covariant preservation of
this information is just an interesting feature of the formalism or a powerful new

tool that a physicist can use to explore new theories.

In chapter 6 we performed an constraint analysis of the SO(1,5) theory. Unlike
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the computation done in chapter chapter 5, the constraint analysis has been quite
cumbersome compared to the traditional analysis of a Hamiltonian and its con-
straints. The construction of a constraint and its multiplier into a n — 1 and a 1
form as well as the entire bracket formalism require deep knowledge of differential
geometry and do not deliver any obvious advantages to the traditional formalism.

On the other hand, the work done in chapters chapter 4, chapter 5 and chapter 6
are based on the works [12, 46, 53, 54, 55, 56, 57] and [58], to name a few, which are
all quite technical. This is not a bad thing, but one of the most interesting ques-
tions regarding the DDW formalism is, whether it could be a valid alternative to
the traditional Hamiltonian formalism in the analysis of covariant theories like GR.
Obviously, the formalism stands and falls by the results obtained from calculations
using the DDW formalism. However, assuming the formalism was giving valid re-
sults, one can wonder, whether this is something one could teach a graduate student
(this thesis is, after all, meant to be understandable on a graduate student level).
The works above are technical for a reason and that is, giving a general framework to
treat a wide variety of physical and mathematical problems. Were one to reformu-
late this theory in the context of the special case of spin-2 fields in a 4 dimensional
manifold describing spacetime it could be possible to teach a ’light’ version of the
DDW formalism which could give valuable insights to graduate students, after all,
when we were undergraduate students in our first semester and learned about the

Hamiltonian, we were never introduced to symplectic manifolds and such.

Although the DDW formalism has been around for almost a century it has only
recently been gaining in popularity and the pool of understanding around it is still
growing. Nonetheless, it seems, due to it’s strong geometrical foundation in differ-
ential geometry, a quite natural tool for the exploration of inherently geometrical
theories like the spin-2 field theories covered in this thesis. It will be interesting to
observe future developments in this field and see where the scientific community will
take it.
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APPENDIX

1 MATHEMATICAL DEFINITIONS

1.1 FIBER BUNDLES, TANGENT BUNDLES AND MORE

Before introducing tangent bundles, it is necessary to become familiar with fiber
bundles. A fiber bundle is a space X with a projection map 7 : X — M which can
locally be represented as a product space M x F'. We call X the total space, M base
space and F' is called the fiber of X. It is not a necessity that X can be globally
represented as a product bundle. For example, both a cylinder and a Mobius strip
may be interpreted as fiber bundles X, with a closed circle around the surface being
the base space and straight lines projecting in right angles from this ring being the
fibers F.

The tangent bundle

TX = | X ={(z,y)lz € X,y € T, X}
zeX

is a vector bundle, namely a fiber bundle whose fibers are vector spaces. The tangent
bundle is equipped with the natural projection 7(z,y) = x. We call the projection
¢ : M — X with ¢(n(x)) = x for all x € M a section of the fiber bundle M. The
vertical bundle and the horizontal bundle are two subbundles of a tangent bundle
of a smooth fiber bundle. The vertical bundle TV X is the kernel of the projection
map I'm : TX — TM, i.e. the map to the zero vector on TM. Constricting T'r
to just the subspace TV X C TX yields a new bundle, called a subbundle of TX.
The horizontal bundle is then a choice of subbundle of T X, such that at each point
z € X we have T, X =TV X x THX. A vector in T)‘g/H is called vertical/horizontal.
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1.2 THE EXTERIOR ALGEBRA

To understand this section, like the entirety of this thesis we expect a basic under-
standing of manifolds, vectors, and similar mathematical constructs.

Given a vector space V and its dual V*, we can define their exterior algebras A(V)
and A(V*). The product on A(V) is the wedge product, or exterior product, which
we will define below. A differential p-form is an element of AP(V*) C A(V*), the
space of all p-forms in A(V*), and has the form

wP) = Wy ooy (2)dTHE A -2 A dat'P,

where dz# is a coordinate differential and wy, ..., an antisymmetric tensor of rank
p (p € 1,--- ,n, where n is the dimension of the base manifold M). The wedge
product A is the totally antisymmetric product of differential forms, e.g. for two

1-forms it becomes

1
dzt AN da” = i(dx“dx” — dz¥dz*).

The wedge product is essential to working with forms and maps p and a ¢ form to
a p+ ¢ form as long as p + g < n, otherwise it vanishes. Th exterior derivative d of

a p-form is defined as

1
dw® = Eauwm..‘up (x)dzt AdaHt A - A datr

and maps a p-form into a p + 1-form.
In the same way as for covectors, the wedge product can be defined for vectors. The
product of several vectors is called a multivector. The wedge product of two vectors

(a bivector) is of the form

1
Ou Ny = (00 = B,).

Under closer inspection we can find that p and g forms have the same amount of
components, iff p+¢ = n. This makes it possible to define a one-to-one map between
them, which is called the Hodge dual or Hodge star and is denoted by *. It has the
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property WP A K@ = <w(p),w(‘1))V, with V := dz! A --- A dz”, which defines it

completely. For some examples look at

A=V, 1)
*dr = dy Adz for n = 3, (2)
(o)) = (~1)7 (-1, Q

where in the last example o = 0 for a metric with Euclidean signature and ¢ = 1 if

has a Lorentzian signature.

1.3 THE INTERIOR PRODUCT

The interior product J is defined as a contraction between a differential for w and a
vector field X. It is sometimes called interior derivative or antiderivative of degree

-1 and can also be found denoted by ¢x. It is the map

Xi:QP(M) — QF (M),

that maps a p-form w to the p — 1- form X iw. It is defined by requiring the action

of X _w on a vector Y being

(Xw)(Y) =w(X,Y),

in other words the interior product can be seen as fixing the first argument of a

p-form to X, s.t. it becomes a p — 1-form through contraction.

1.4 THE POINCARE - CARTAN FORM

In [45] Cartan expresses the variation of the action §S = dS(Y) using a variation
vector field Y (e, t) with e parametrising the variation. Choosing the vector field YV
in a way that it vanishes on the boundaries ¢;(€) of the variation, Cartan got the

expression

0L dqc

94 e dt

)
e=0

CIOREA®
53:[ _/ [dac ac}aqe
t

0 (6) dt 8g dq 86

+ Edt(Y)]

e=0 to(€)
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where ¢. = q(e,t) is the varied curve. The second term vanishes because of the
Euler-Lagrange equations and Cartan continues his discussion inspecting the vari-

able boundary conditions depending on €. The first term can be expressed as just

oL oL t1(e) .
L e (%% A\ V) — 0Oy — o _
0 |:(9q ! <aqq £> ]to(e)( ) [®]t0(€)( ) = ©1 -6y,

where we introduced the Poincaré - Cartan form

© =pdg — Hdt

In the next step Cartan considers a tube formed by real trajectories between the

interval [to, t1] in phase space in the form of figure 1. An integration around such a

closed loop, parametrized by € is then just

fs-fe-fe.-o

Figure 1: Two closed loops T(7) and T(0) around a collection of real trajectories with a
tangent vector field X [63].

This means, that the quantity I = ¢ © is invariant of the choice of loop or in other
words, it is invariant under transportation generated by a vector field X tangent
to the real trajectories. In mathematical terms this can be expressed as LxI =
f Lx© = 0, where Ly is the Lie derivative along X. Note that © is a differential
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form and the Lie derivative of a differential form is given by Lx© = X 1.dO+d(X .0),
yielding the relation

OZj{X_ld@ = X.1dO =0.

The 2-form

Q=d0 =dgAdp+dH Adt,

is called the Poincaré - Cartan 2-form or (pre)-symplectic form. Substituting the

above definition into condition X _Q = 0, we get

@i — 2 ayx at - (@p+ 22

oH
dt)X 2dg + (dg — =——dt)X p = 0.
5 )X adg + (dg ) )Xap=0

dq 0

Going term by term we obtain the Hamiltonian EoM from the second and the third

term, giving us

) OH . OH
p=—— and ¢=—.
dp

The first term then just yields the variation of the Hamiltonian in time, which is
0 if it does not explicitly depend on . We see, that all the information about the

dynamics of the system are contained within the PC form.

2 CALCULATIONS FROM CHAPTER 5

2.1 EQUATIONS OF MOTION FOR REAL VIELBEINS

The first line in 5.7 for the fields ej;, t; and A, yields
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a 1 ab, (1)po 1 a ,c a
el = B G (w[ucey] + t[uAV]> (4)
a __ 1 ab, (2)po 1 a 4c a
Oty = — g Cuwpo Py~ §(w[uctl/] + e[uAV]> (5)
1 o 1 c
(9MA1, = —gew,paﬂp + §€[H6ty]. (6)

The second line gives the relations for the polymomenta, i.e.

1
auple)w/ D) (“Z#p((:l);w t,ua‘g'uy 627‘&'5’5 Aung)uy> (7)
1
8up22)“y 9 (wccmpg)!w euaelw ezﬂgg Aupgl)md (8)
1
00" = —3 (efbp((f)“” — thgl)W) (9)

Resolving the above equations for the polymomenta yields

v vpo b b ec i
p((ll),u = —e"Pn4 (28@60} + WpcCo] — t[pAU]>

2ur __ vpo b b 4c b
p((l I pvp nab<28[pt0] + Wity + t[pAU])

QHY — (Hwpo (e[pctg] - 28px40)7

from which we then can compute the curvatures specified in 5.15.

3 CALCULATIONS FROM CHAPTER 6

Following the approach in the main chapter, we make use of the symmetry between
the components of e and t. We start by computing the bracket for the constraint

Cyyi = 0
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{Hpw, 0V} = AP o (V5,7 e appVieleD)

?
= xPe ( Jdv<e“'/pgeABCDVVe[Cpe£]>>

(2

AB Caeﬁ
= _)\N 26” prABCDVl/e[pW
= —)\ﬁB ° 26“”"06,43005‘/,,656?)

= —)\?B [ (26]kl€ABCde€l ) ~ 0

(2)

which gives a secondary constraint C( N)i to be analysed further.

For C,), = 0 we get

p)a

{ﬁDWa HgV#} = {nguv I:IDW}

inVHDW
Op?

The only non-vanishing part of (— aga)_ndvfl DW is

0 - 0 ,
I{DI/V:./\[MOa CNM—FNWO C(N)ui

op? Da Opa

) .9
+MM0871)(1C(M)M+MM [ ] 8paC(M)

nis

which we can then compute term by term. The results are

9 Vi - k9P re—d f=d
By, Cvm = 5 eaf P ogt$PELDY.
0 Vi

c ikl b bof
2 Cvyui = %Gbcdﬁj (tgﬁgatkpetl ps+ QthdtkPiet£p§‘>'

For the constraints C( )AB = 7TAB eABCDe“”p"e[Cpeﬁ ~ 0 (as well as the constraint

resulting from 7), we get
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~ v 1
{Hpw, (7y5 — ZGABCDEMVpae[Cpe?])VV}
1 .
o F ED v C D
= {WZVBVZN Wé’Dw[prJ} } + gTia b {Pgﬁ e’ pUGABCDe[peJ]}

0 po  C

1 o o
= g ) g

+ ZTZQGNVPUEABCDVVTG?(QM(BU]) [~ 0,

which is an equation for 7;* and therefore not a secondary constraint.

The constraints Cnyu, C(nyips Canyu and Ciaryy, give the relations

e

{Cny How} = =78 0 {PL,Cinyu} — K% © {00, C vy

{Cvyips How'} = =7 ¢ {PL. C(nyipn} — 5% ® {0, Cvyin}

{Cny How} = =78 o {PL,Coapyu} — 7  {PL,Cianyp} — 5 @ {04, Clary}
{Coaryip How} = =7  { P}, Cianyip} — 7 @ { P, Canyip} — £ @ {0a, Caryin

which haven’t been computed completely. The first two brackets take on the shapes

N } Vi o vV, . o
{Cvyus Hpw} = —7i" @ <;ebcd€”kpgt§p§tipg> — k%o <;ebcd?]ktfPfdt§p§ctip§>
_ } vV, o o
{Cnyips Hpw} = =7 @ <6u€bcdejkl€§l (Patipgtqug - Qthepgtqu;))
V. b _
— K% <é‘ebcde]kle§l <t§neat£pl}tfpg + 2t§pet£P£’ft‘;’p;>> )

The bracket {P!, Hpy,} evaluates to

— M" o { Py, Ciapyp} — MPU{PL Conny} + N @ (P, Cliy st (10)
B .. 1, . 1,
=—M"e (Vueabcé’”k <2t§-lpgt2p§ + 3t?p§tzp€pd>> (11)
01 o (Ve ( St pate bl 76 + Ledphiape] 12
o | Vianee”" | StiPatiPetiP} + StiPatiPetipy (12)
0
+ )\;XB ° (2VVEquU€ABCD <8€‘.16[C’;> GUD}). (13)
1

Then we also have the brackets with P and 6, which are
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[Pi Hpw} = — (M 0 (B, Clany} + M @ {PECapy}

+ NP o (Bl Cony} + N o (P Coyy} = N @ (i CLy 1)
{0 Hpw} = = — (M & {0, Can} + M @ {00, Conpy)

+ N 0 {04, C(nyu} + N 0 {0, C(N)ly}>

and are still left to be evaluated completely.
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