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Abstract

A number of approaches to gravitation have much in common with the gauge theories of the standard
model of particle physics. In this paper, we develop the Hamiltonian formulation of a class of gravitational
theories that may be regarded as spontaneously-broken gauge theories of the complexified Lorentz group
SO(1,3)¢c with the gravitational field described entirely by a gauge field valued in the Lie algebra of
SO(1,3)c and a ‘Higgs field’ valued in the group’s fundamental representation. The theories have one
free parameter 8 which appears in a similar role to the inverse of the Barbero-Immirzi parameter of
Einstein-Cartan theory. However, contrary to that parameter, it is shown that the number of degrees of
freedom crucially depends on the value of 5. For non-zero values of 3, it is shown that three complex
degrees of freedom propagate on general backgrounds, and for the specific values § = +i an extension to
General Relativity is recovered in a symmetry-broken regime. For the value 8 = 0, the theory propagates
no local degrees of freedom. A non-zero value of 8 corresponds to the self-dual and anti-self dual gauge
fields appearing asymmetrically in the action, therefore in these models, the existence of gravitational
degrees of freedom is tied to chiral asymmetry in the gravitational sector.

1 Introduction

A great achievement of General Relativity has been the introduction of the notion of spacetime diffeo-
morphism symmetry as a cornerstone of gravitational physics. Less well known are formulations of non-
gravitational physics which nonetheless possess the same symmetry - these theories are named parameterized
field theories. As an example, consider the action for degrees of freedom ¢‘(7) in Newtonian mechanics:

d 2
il = [ar( S om(ia') -via) 0
Alternatively, one can consider an action where the Newtonian time 7 is itself promoted to a dynamical field:

7= 7(\) (2)

Slg, 7] —/d/\;l—;<zi:mi<j—;>_2<%qi)2—V(q)) (3

Under a transformation generated by the infinitesimal vector ¢ = €0y

~

T—= T+ eleT, ¢ — ¢+ eﬁgqi (4)
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- where £ is the Lie derivative - the action [B]) changes by a boundary term and hence the transformations
(), which represent diffeomorphisms on the manifold coordinatized by A, are a symmetry of the theory. This
is a symmetry which is not present for the action (I), however the equations of motion following from (B])
admit the same solutions as those following from (I if the gauge 7 = ) is accessible, with the 7 equation of
motion expressing conservation of energy. The extension to parameterized field theory in higher dimensional
special-relativistic actions is via the replacement of the Minkowski metric tensor 7,, with

Nuv — nIJau¢I (x)au(b] (JJ) (5)

where 7y = diag(—1,1,1,1) and 2* are coordinates in spacetime. Analogously to the model (), actions with
the replacement (B]) with the promotion of ¢! to dynamical fields then possess a four-dimensional spacetime
diffeomorphism symmetry despite not including the gravitational interaction. If the gauge ¢! = 2! (zM) is
accessible, where 2! are fields playing the role of Minkowski coordinates in spacetime, then special-relativistic
physics is recovered with the ¢! equations of motion corresponding to equations expressing conservation of
stress energy.

It is possible then to recover a description of special-relativistic physics which nonetheless possesses the
symmetries associated with gravitational theory. Can the gravitational interaction be recovered from this
starting point and, if so, is the resulting theory General Relativity? To take steps towards this, we note that
actions built using (@) have an additional symmetry which corresponds to:

o' — A7 + P (6)

where AL, € SO(1,3) and P! are independent of coordinates z* and hence (€ can be interpreted as a
global Poincaré transformation acting on the fields ¢!. If some of {Af 7 PT} do depend on position then the
ordinary derivative 6,@1 in (&) no longer transforms homogeneously under the local generalization of (Gl)
and so actions containing (&) will not be invariant under such transformations. This can be remedied by the
introduction of fields {w’ T Glﬂ} such that an operator D, can be constructed, acting on o' as:

D¢’ = 00" +w';,07 + 6], (7)

It can be shown that (@) transforms homogeneously under the local generalization of (@) if

WIJ;L — AIKWKL;L(A71>LJ — 0N (AHE (8)
% — A{,Hﬁ — 8HPI 9)

It follows then that the tensor
Guw = 115Dud" Dyo” (10)

is invariant under the local Poincaré transformations and it is this composite object that will play the role of
the metric tensor. Equation ([IQ) can be seen as a definition of the metric tensor and is a composite object
built from {¢!, w’ T Hﬁ} which may be regarded as the fields describing gravity. Indeed, it is straightforward
to build polynomial actions in these variables that correspond to the Einstein-Cartan formulation of gravity
[1]. However, remarkably, other theories of gravity may emerge if only a subgroup of the global Poincaré
symmetry (@) is promoted to a local one. If just the translational part is localized (hence gravity is described
entirely by {¢?, 95}), then the resulting gravitational theory is teleparallel gravity [2]. On the other hand,
one can consider the case where only the global Lorentz symmetry is promoted to a local one, hence gravity
is to be described entirely by {¢!,w! J#}. Remarkably, extensions of General Relativity can be recovered
from the following family of actions:

1 ~UV
S[¢I,WﬁJ] =3 /d4$ &P (ersxr + 28nkmae) Dud’ Dyo? RFE 5(w) (11)



when 3 = +i [3, 4, [5, [6], where D, ¢! = 9,,¢" —I—wIJMgZ)I is the SO(1, 3)-covariant derivative of ¢’ and RUQB
is the curvature two-form of the field w’ gu- As such, the action (II]) is manifestly invariant under local
SO(1, 3) transformations. As we are allowing for complex 3, the action is potentially complex as well as the
fields (¢, wIJM), with the local Lorentz symmetry being that of the complezified Lorentz group SO(1,3)¢.
Specifically, an extension to General Relativity is recovered when ¢! # 0 and with the metric tensor g,,
identified with n; JD#qﬁI D, ¢”; hence, formally this correspondence arises in a spontaneously-broken gauge
theory described by gauge field w’ 7 and Higgs field ¢!, with non-vanishing values of the latter field breaking
the symmetry SO(1,3)c to SO(3)¢ (for the case ¢? = nry0'¢’ < 0), SO(1,2)c (¢? > 0), or ISO(2)c
(¢? = 0) for non-vanishing ¢!. The aim of this paper is to analyze the canonical structure of the action (]
corresponding to general complex values of . The canonical/Hamiltonian analysis is a very powerful tool
to determine the dynamical structure of theories (see for example [7] 8, @} [T0, 11 12} [13] for applications
to different gravitational theories). It will be shown that the properties of the theory such as the ability to
describe real spacetime metrics and even the number of degrees of freedom in the theory depend crucially
on the value of 3.

The structure of the paper is as follows: In Section 2] we review a number of mathematical preliminaries
necessary to describe the models under consideration here and their Hamiltonian form. In Section[3we briefly
survey the action principles of a number of gravitational theories including the models that we will develop.
In Section [] we construct the canonical formulation of the models in question considering the propagation
of constraints, the classification of constraints, and the imposition of reality conditions on complex fields. In
Section [l we show that some of the models correspond to an extension of General Relativity and in Section
we briefly consider matter couplings and possible additional terms in the gravitational action. In Section
[@ we discuss results and present our conclusions.

2 Mathematical Preliminaries

We now review a number of mathematical preliminaries that will be helpful for the remainder of the analysis
in this paper.

2.1 Review of the 34+1 Decomposition

Maintaining general covariance is a typical requirement in gravitational theories. Dynamical fields are
spacetime tensors and actions are coordinate-independent functionals built entirely from these fields. As
such, there is a-priori no preferred notion of time in gravitational theory. However, significant insights
can be gained into the structure of generally covariant theories by choosing a single coordinate by which to
measure the change of fields over the spacetime manifold. This is the 34+1 decomposition of physical theories.

We assume that the spacetime manifold M is topologically R x X, where ¥ is a three dimensional
submanifold of M and R may be coordinatized by a number ¢ which can be thought of as ‘coordinate time’.
However, we emphasize that ¢ is to be regarded as a number labeling different submanifolds of M and
may not be straightforwardly related to proper time as determined by a spacetime metric (indeed we will
encounter solutions of the models ([I]) where no notion of proper time exists). Furthermore, we are primarily
interested in solutions to the theory in the bulk spacetime and will neglect boundary conditions and surface
integrals. Hence our treatment will be exact only in cases where ¥ is a closed manifold [14].

Alongside the label ¢ for coordinate time, we will use a set of three coordinates {z*} (a = 1,2, 3) to cover
the manifold ¥. As such, a vector V' and one-form ¢ can be decomposed as follows:

V=VH"9, =V, + V", (12)

o = o,dat = oudt + odz® (13)

By extension, if M admits a metric tensor g = g, dz* ® dz¥ then the following decomposition can be used:

g=—N2dt @ dt + qup(Ndt + dz®) @ (Ndt + dzb) (14)

Additionally, we will adopt the notation that for a function f(¢,z%) then f = 8,f whilst d,f denotes the
partial derivative with respect to a coordinate x®.



2.2 The Hamiltonian formalism

A classical field theory will be described by an action S which is a functional of fields y* (which we use to
denote a set of any tensor fields such as V, 0, g as defined in Section 21)). The action can be written as an
integral of a spacetime density £(x*) called the Lagrangian density i.e.

S[xA] = / Ldtd®x (15)

Given the 3+1 decomposition of tensorial fields, the Lagrangian density £ can typically be written in the
following form:

L= as(x™ 0ax)(@%)? + " be(x™, dax™) B¢ — U, dux™) (16)
B C

i.e. the collection of fields x* can be divided into those which appear quadratically in time derivatives (the
set {aB}), linear in time derivatives (the set {5¢}), and without time derivatives (the set which we will call
{~+P}). By introducing auxiliary ‘velocity’ fields V and Lagrange multiplier fields P, the following extended
Lagrangian density can be constructed which yields identical equations of motion to ([I6):

L= Ps(a® —VE)+ > Pe(p® -V + > Po(y” - VP)
B C D

+Y as(x, 0ax)(VE)? + > be(x?, 0ax)VE = U, 0ax?) (17)
B C

For the fields VB, the equation of motion for VB allows for this field to be solved for in terms of the fields
(x™, PB) allowing it to be eliminated from the variational principle. For fields V¢ and VP, their equations
of motion do not allow for the fields to be solved for and eliminated from the variational principle. The
Lagrangian density then can be reduced to the following form:

L= P = H(Pax", 0ax?, VE,VP) (18)
A
H = Ho(Pa, x™, 0ax™) + Y VECE(Parx™, 0ax™) + Y VPCP(Pa, x™, 0ux™) (19)
C D

where the (V, V) are Lagrange multipliers (which enforce via their equations of motion (C¢ = 0,C? = 0))
and P4 consists of the collected fields (Pg,Pc, Pp). Equation (I8) represents the Hamiltonian form of
a theory, with stationarity of the action with respect to small variations of (x**,P4) yielding Hamilton’s
equations:

= A / ! (20)

Pa = {75A,/d3:1:7:[} (21)

where the Poisson bracket {F, G} between two functions F(x*,P) and G(x*,PA) is defined to be:

0F 0G 0G oOF
F.Gl=[ad < = — ~) 22
o=/ e (s~ s i, (22)

Furthermore, it follows from (20) and (2I)) that for some function F(x*,P4) that



F={F, / e} (23)

The equations of motion that follow from the variation of fields (VB VC) are equations

CBPa XM, 0uxt) =0, CE(Pa,x*,0ux") =0 (24)

These equations represent constraints that the fields (XA,’ﬁ 4) must obey amongst themselves. If at some
initial moment ¢ = ¢(, the constraints are satisfied, then it must further be required that the time derivative
of these functions - defined via (23)) - is zero. This may imply additional constraints and, if so, their own time
derivatives must be ensured to be zero. The process continues until no further constraints are generated.

2.3 Local Lorentz symmetry in gravitation and its complexification

A slight modification to the variables describing gravity is necessary to couple gravity to fermionic fields.
This requires the introduction of the co-tetrad field efl from which the metric g, is constructed as

Juv = 771,16£6,{ (25)

Where nr; = diag(—1,1,1,1). Due to the appearance of the matrix 7;;, the expression (28 is invariant
under transformations

ei — AIJei (26)

where AT, € SO(1,3) i.e. AL, are elements of the Lorentz group. The Weyl spinors of the standard model
transform in the fundamental representations of the group SL(2,C) and invariance under global SL(2,C)
transformations necessitates coupling to efL in spinor Lagrangians and the identification of A’ as the SO(1, 3)
element corresponding to that SL(2,C) transformation. Note that (23] is invariant under transformations
associated with A’ 7 which can depend on spacetime position. For spinorial actions then to be invariant under
the associated local SL(2,C) transformation, it is necessary to introduce a field (I;IJM (where JjﬁJ = —@gl
when an index has been raised with 777, the matrix inverse of 77;) which transforms as a connection under
local SO(1,3) transformations (indeed, it should transform precisely as (8)) does). In General Relativity, this
field is defined as the solution to the equation

6[#615] + (I)IJ[MGZ] =0 (27)

Therefore in General Relativity @’ Ju is determined by eﬁ and its derivatives. A variation on General
Relativity is provided by instead introducing a field w’ Ju called the spin connection - in place of &' T (e, de)
which is to be regarded as an independent field with its own equations of motion. This is the Einstein-
Cartan formulation of gravity. In its simplest form, the equation of motion for w’ Ju Yields a solution
wIJM = U_JIJH(G, 0e) + ... where the dots denote terms linear in spinorial currents.

A further generalization of the Einstein-Cartan model is provided by the Ashtekar chiral theory of
gravity [I5]. To motivate this, we note that it has been up to now assumed that Af 7 are elements of the
real Lorentz group. However, the transformation (25]) is invariant under A’ 7 belonging to the complexified
Lorentz group SO(1,3)c [. Can classical General Relativity also arise if the theory possesses a complex
Lorentz symmetry? To understand the answer to this, it is first helpful to introduce self- and anti-self
duality concepts for representations of SO(1,3)¢.

We have seen that it is helpful to introduce a field efL where under an SO(1, 3) transformation efl — Af Jei.
One can consider more general ‘Lorentz tensors’ with a more complicated index structure. Particularly useful
will be antisymmetric Lorentz tensors F'/ = — F/ which transform as follows under Lorentz transformations

IWhich in terms of properties of matrices AIJ € SO(1,3)¢ is defined to be the set of complex-valued matrices that satisfy
nry = nx LA AL; and det(A) =1



FI7 o AL AY FKL (28)

When the transformations are complexified Lorentz transformations, further decomposition of this (now
complex-valued object) is possible. We can consider the following decomposition of F77:

FI =t 4 p=17 (29)
where
1 1
FiIJ:§(FIJq:§61JKLFKL) (30)
1
_EIJKLF:I:KL — :l:?;F:tIJ (31)

2

where recall that e sk is the four-dimensional Levi-Civita symbol and indices are lowered or raised with 77 s
and its matrix inverse n’’ respectively. If follows, for example, that for some matrix Y7 that Y;;F1/+ =
Ylij +1J When the fields and Lorentz transformations are real then F+!7 and F~!7 are simply complex
conjugates of one another. When the fields are complexified, they become genuinely independent objects.
Equation (BI) defines the property of self-dualness (here F*!7/) or anti-self-dualness (here F~/). Tt is
possible to parameterize a self-dual or anti-self-dual Lorentz tensor in terms of a field E' as follows:

1 .
FELT 5(n[lEJ] -+ %GIJKLNKEL) (32)
= (' E7)* (33)

where n! is an arbitrary Lorentz vector of non-vanishing norm i.e. n;ynn’ = ¢ and E;n’ = 0, where £ < 0
for timelike n! and & > 0 for spacelike n!, and furthermore, for example, for a Lorentz tensor W15+ which

is self-dual in a pair of indices, we have:

V[/,,,UJH}«“U+ =W._ren EY (34)

Finally, it is useful to define the following objects:

Kiykr = 5(ersxr £ 2ingxnr)s) (35)

N =

where it can be shown that

KiyxF*F = ey FHRF (36)

i.e. the objects IC?J K1, act to project out self- or anti-self-dual parts of an antisymmetric Lorentz tensor.
The spin connection wﬁJ = —wil present in Einstein-Cartan gravity is an antisymmetric Lorentz tensor

and so can be decomposed into self-dual and anti-self-dual parts:
WIJM — w-i-IJM + W_IJM (37)
Upon complexification of the fields (which results from complexification of the SO(1,3) gauge symmetry)

then (w™! T w ! Ju> become truly independent fields and this independence will be shown in Section [] to
be crucially important in the structure of gravitational fields based on this complexified Lorentz symmetry.



2.4 Spacetime structure

It will be very useful to relate some fields appearing in the canonical formalism to quantities appearing in
the 3+1 metric formalism of gravity. To this end, we can use the following general parameterization of efL
[16]:

el =eldt 4 eldz® (38)

where
= NN' + N¢%! (39)
Qab = NrICLE] (40)

where Nley, = 0 and N'N; = —1. Computing the metric Juv = mJefLel{ confirms that (N, N%, q,5) should
be identified with corresponding quantities appearing in ([[4]). Furthermore, it follows that

,,7],] — _NINJ + ealeg (41)

where e} = ¢* bey; where q“b is the matrix inverse of qqp.
In the present work, the basic variables describing the gravitational field will be (¢! ,wﬁ] ) with the
identification

Du¢" = 0,0" +w' ;07 =¢), (42)

and hence we will look to identify the spacetime metric with g,, = 71 JD#Q/)I D,¢’. We may also usefully
decompose ¢! into parts parallel with and orthogonal to N':

o' = dnyN' + ¢’ (43)

where ¢ N = 0. It follows then that ¢rel = %Ba(f = ¢rel where we've used the fact that Nyel. Therefore,

1

o1 = 50" e1a00" (44)

and hence

d(Ny = —5\/—¢2 + iqabaacﬁ?am? (45)

where §{ = F1. There are therefore two distinct options for the sign of ¢y,

3 Gravitational actions

We now briefly survey several theories of gravitation and their symmetries. The action for Einstein’s General
Relativity can be written as:

1

Sarlgw] = 155

/d4:z:\/_R+/ Pylomy (46)

Where the second term - the Gibbons-Hawking-York term - is a boundary action necessary to provide a
well-defined variational principle. A spacetime diffeomorphism generated by a vector field £ transforms the



spacetime metric as gu, — g + Legu and it can readily shown that this changes the action by a boundary
term and hence such diffeomorphisms are symmetries of the theory.

As discussed in Section 23] the necessity to couple gravitation to fermions motivates the introduction of
the fields (efb, wl’) as the descriptors of gravity. One of the simplest actions that can be constructed that

“w
has a General-Relativistic limit is the Einstein-Cartan Palatini action:

1 ~Urc
SEc[efL,wﬁJ] = G /d4:17 e 56[JKL6£€;{RKLQB((U) (47)

where év*# is the Levi-Civita density and

R ap(W) = 28[Mw1’],,] + 2le[#wKJ (48)

V]
are the components of the curvature tensor associated with w’ T The Einstein-Cartan Palatini action pos-
sesses the same spacetime diffeomorphism symmetry as the action for General Relativity and is additionally
invariant under local Lorentz transformations parameterized by matrices A’ s(z). As the spin connection
is an antisymmetric tensor in its Lorentz indices, it decomposed into self- and anti-self- dual parts. Upon
complexification of the local Lorentz symmetry, these two fields are in principle independent of one another
and remarkably the equations of motion from the following actions

1 ~UV 1 ~Urc
Spc+ = 392G /d4xe“ PKrrenes REE p(w) = 90 /d4:1: ér ﬁE[JKLGiEiRKLiaB(W)
1
=590 /d4x €“”O‘ﬁeUKLefLel{RKLiaB(wi) (49)

yield the (complexified) Einstein’s equations, where the solutions of real General Relativity can be imposed
after the imposition of appropriate reality conditions on fields. The actions (@9) form Ashtekar’s chiral
formulation of gravity in which only one of the w™*! JH or w ! JH appear in the action.

The models that we will look at are models where g, is recovered from the combination (I0) with
Hﬂ = 0 and the dynamical variables of the theory will be {¢!,w!’ #}. This suggests that ultimately we
should identify efl as being recovered from the object D#qﬁl = 8#¢I + wIJHng and so, as in the case of
Einstein-Cartan theory and Ashtekar’s chiral theory we can look to construct Lagrangian densities which
are quadratic in this field and linear in the curvature of w’” , anticipating that this may be the simplest

action giving non-trivial gravitational dynamics [5]:

w

1

~UV X 2
S = 3 /d4$€ &P (eryxr + ;UK[IUJ]L)DM¢IDU¢JRKLO¢B(W) (50)

where v = 1/ and where for notational compactness we have omitted an overall multiplicative factor of
1/(327G). With the aid of the symbols ([B8) we can write (B0) as:

S[(bla w:{IJ#UJIJ] _ /d4ZE g#vaﬁelJKLD#d)IDy(bJ <g+RKLaB(w+) 4 gRKLaB(w)) (51)
where
1/vF1
i 52
73 ( gl ) 52
Note that g + g— = 1. The aim of this paper will be to develop the canonical formulation of the action

GI).



4 3+1 decomposition of Lagrangian density and canonical formu-
lation

We now proceed to perform the 34+1 decomposition of the Lagrangian density for the action (GI). Motivated
by the 3+1 decomposition of a spacetime one-form introduced in ([I3]), we introduce the following fields:

Wt dat = QF dt + g da (53)

Furthermore, for notational compactness, we introduce the following quantities:

R =2 (8[aﬂﬂb‘]] + 5 B b]) (54)
eh = 0u0" + B 5,07 (55)

where 817 = pgHJ + g1/ Using the decomposition (53] in (5I) we note that fields that appear with
time derivatives (the fields (¢!, gty .)) appear linearly in those time derivatives. Recalling the discussion
in Section 2.2 the extended Lagrangian density can be constructed by auxiliary introducing ‘velocity’ fields
- here (VI V) - which are constrained to be equal to the time derivatives of (¢!, 51/) on-shell, with
this resulting as an equation of motion obtained by varying Lagrange multiplier fields (Py, PIiJa) As the
original time derivatives of fields appeared linearly, it follows that (V, VF17) equations of motion cannot be
used to determine (V!,V.*17) and so these fields play the role of Lagrange multipliers ensuring constraints
amongst the collected fields (¢!, 3F17, Py, Pljf]“) The remaining fields in the variational problem - Q*7/ -
appear without time derivatives and appear linearly in the action. The extended Lagrangian density can be
cast into the following form:

L= Bl 4 BG4 Bl 4 0,00 (56)

Where

H=-QGH QG +VIC +VHICH + v Crp (57)

Giy = DYDPIY + [Puoy]” (58)

Gry = DY Py + [Puoy) (59)

é] = p] — 29+6]JKL§abc€gR;rCKL — QQ_EIJKLéabcegRb_CKL (60)

Cly = By = 20: [ensxie™ el ef]” (61)

é;f = p;f — 2g_ [eIJKLéabcefeﬂ - (62)

where we’ve introduced the ‘spatial covariant derivative’ with respect to any of B = {8, 3%, 8™ }:
D((ZB)YAB.“CD... = 0,YAB, 1 BA, YEB 4 BB, YAB- 4
— B YA pp =B YA+ (63)

The total derivative 9,/ will be neglected as an ignorable boundary term. Recall that the fields (el bel 0
are themselves composed of (¢, 3577) and their spatial derivatives and so the Lagrangian density (58] can
be interpreted as an action in canonical form with a phase space coordinatized by canonical pairs (¢!, PI) and
(BE1Y ]5;3“) with a primary Hamiltonian density # comprised entirely of constraints (g}%,, Cr, C?J“ ) enforced
by stationarity of the action with respect to small variations of Lagrange multiplier fields (Q*!7/ VI V+=17),
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4.1 The evolution of constraints

For functions F' and G depending on phase space variables we can define the Poisson bracket as follows:

SF§G_ GF G oF §G
FGY= [ &3 — + —  +—— | —(F& G 64
el / x[ag;” 5B s, ob, oalop,) LT )

Explicit forms for functional derivatives with respect to the phase space fields are given in Appendix [Al
Time evolution of fields (¢!, 317, Py, Pljf]“) are obtained from the Euler-Lagrange equations following from
variation of (B6). Therefore for a function F' of these fields then

F = {F, / 3z} (65)

Finally, it will be useful to introduce the notion of smearing of phase space functions. For a phase space
function F, its smearing with a test function a(z) (i.e. a function which does not depend on the phase space
fields) is defined as:

Fla] = /dgxozF (66)

We require that time evolution according to (G5) preserves the set of constraints (G?[J, Cr, (f?f,“). For illustra-
tive purposes, a detailed example of the evaluation of the Poisson bracket of two constraints is presented in
Appendix [Bl It turns out that preservation of ng under time evolution is ensured if the primary constraints
are satisfied - indeed these constraints generate self and anti-self dual Lorentz transformations, and hence the
Poisson bracket of these constraints with any other constraint (when both constraints are smeared) will be
proportional to constraints up to boundary terms that we do not consider in this analysis. For the remaining
constraints (C;, C?J“ ) we recover the following equations:

Q

0,Cy ~ VKW, — VKW, (67)

+ +
HCHy ~ |:g+YI(%IeKL + g+YI(éeLIJ} Vd+KL + {9+5ﬁdeL + QYI?BLIJ} Vd_KL
+ Wi, VM (68)
6té;f ~ [g—YIdeL + g—YI?ELIJ:| VdiKL + [g—YIdeL + 9+Yll?eLlJ] VdJrKL
+ Wi, VM (69)

where & denotes weak equality (i.e. equality up to the addition of constraints) and where we’ve defined the
following:

Yk, = Y[frl?] KL = 45db8€MIJ[K¢L]el])W (70)
+
Wit = 2095 — 90 e REMN + geeorersunREMN (71)

This object is a tensor in the space coordinatized by antisymmetric Lorentz tensors. Now, adding the
projection of (G8) along V,;*!” to the projection of (6J) along V., !’ we obtain:

V9,0t + Vo 9,CrF = ~VIoCr (72)

It is shown in Appendix [(] that V! contains information about the lapse (N) and shift (N¢) functions from
the 3+1 decomposition of the spacetime metric (I4]) and whose functional forms are arbitrary insofar as they
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reflect the freedom to foliate spacetime in different ways. As such, (72)) can be taken to imply that generally
the preservation of constraints C’Ii]a under time evolution implies the preservation of C;.

To proceed, it will be useful to explicitly work out self-dual and anti-self dual projections of indices of
the object ([{Q), for which explicit expressions for which are given in equation ([[42) in Appendix Using
the decomposition of self and anti-self-dual Lorentz tensors defined in (B3] and making use of the vector N’
introduced in (39) we can define the objects V! as follows

Vaﬁ:IJ _ [N[IV;t']]}i (73)
where VFIN; = 0. We would like to find out whether the constraint propagation equations (68) and (G9)

for vanishing left-hand side amount to equations which uniquely determine VI’ Projecting these equations
along N' we have:

. dbe L e - e

O~ igye® §3b¢2771JV;J + (g = g INENTY T - Va ™ + Wit NEVY (74)
o adpel - e we-

0~ —ig &% §ab¢2771JVd T+ (9- — 9+)NLNJY[dLI]*[JK]+V;K + KIJNKVJ (75)

where we've used the fact that ¢rels = %81@2.

4.1.1 The special case gy =g_ =1/2
A number of terms in (T7) and (78] vanish when gy = g_, substantially simplifying the equations. If we

further define
R — [N[IRlﬂ)th]]i (76)

where NyRE! = 0 then (77) and (78) take the form:

0~ _édbeab¢251JV;-J 4 éebcR}-bc(bJVJ (77)

0~ —e"0p¢°0 V7 + £ Ry 0s V7 (78)

where 077 = 177 + NrNj and recall that ¢? = ¢;¢!. Equations (77) and (78) can be regarded as a pair

of linear inhomogeneous equations, involving either V! or V!, each of which can be regarded as a 9

dimensional vector. The quantity M del g = g4e 9,257 that multiplies these vectors in each equation can

be thought of as a 9 x 9 matrix. If this matrix is invertible then equations ({7 and (78) uniquely determine

VE!L However, the matrix has the following three null-eigenvectors

Da¢? 81D (79)

where i = 1,2,3 and S’ N; = 0. This suggests that the matrix Mde, s not invertible and not all V! can
be determined from these equations. Acting on (7)) and (78]) with these null eigenvectors we obtain

0 = e REN 9,42 (80)

However, these are not new constraints on the phase space. This is due to the following identity:

) A > . ~bca
DSB )Cli‘lc%g;t‘]_klgieb RIiJcaab(bQ (81)

i.e. the primary constraints imply (80). The existence of null eigenvectors of M abU shows that not all
components of V! are determined by the propagation constraint equations; however, some can be solved
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for. Acting on the propagation equations with €fe,0%¢?n" ! (where 9%¢? = ¢**9,¢?) and introducing the

projector: P% = éj — %, the equations can be solved to yield:

2
~ (ab¢2ab¢2)
N 2
~ (B p200 )
where we have introduced the convention that barred Lagrange multipliers denote multipliers that have been
solved for in terms of fields in phase space. It will further be useful to introduce the symbols

]};-I = Pbavljrl 8c¢2¢ R+IVJ

vi=pb oyt P p RV (82)

Va:tIJ _ [N[IV;tJ]]i _ U:I:IJKavK (83)

where by inspection U+, J W@ 2 pr R

ca’

4.1.2 General case

We now look at the case where g, # g_. It can be seen that in the general case, all components of the V!
can be solved for if the following 9 x 9 complex matrix is invertible:

1“" e Z. el e
Yoo NENE = §€db (ef o™ + ey o" )N N"erjicr, — 55‘% ep (LN Ni1s— ¢01x)
/l; i €
- §5db et (pLNE Ny + ¢ )o15 — d1051) (84)

Calculation shows that the determinant of the matrix (84) is generally non-zero if det|gqs] # 0 and ¢! # 0.
These quantities can generally be assumed to be non-zero, hence in the case g4 # g_ the matrix inverse
exists, and all components of VI’ can be determined from the propagation of primary constraints in terms
of (R:bl 7 R;bl T ol ). We will again use the convention that barred Lagrange multipliers denote their form
when expressed in terms of these phase space fields and their spatial derivatives. It will further be useful to
introduce the symbols

Vﬂ:[] Z:t]] VK (85)

This expresses the formal solution for V*/ but we note that a closed expression for Z +l JKa for general
values of (g4, g—) may be difficult to obtain. This completes the constraint analysis in the general case as
no more constraints have been generated. We can now determine Hamilton’s equations of motion, which for
any values of (g4, ¢_) are given by:

(Z'SI —_yI_ (Q-HJ + Q—JJ)¢J
BHQHI + V+I]

86
87
88
89

B ~ D
B*I,]%Dgﬁ )Q I]_|_V 1J
DAt + (M + Q)P
P~ —4D<’3 '(V1giersireel)t — 0 PEY + Cior)T 90

(
(
(
(
(
(91

)
)
)
)
)
)

KLN_4D(,8 )(V g_ GIJKL€€baeJ) (QQf[JPK]J—I—(([Kd)L)

where we have defined

Cie =2(V g+ Ry +9-Ry.) + 20V, gy + Vg el Jerspe™™ (92)
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Weak equalities have been used to allow for the fact that the constraint propagation analysis fixes some or all
of VF17 (depending on whether g4 = g_ or not) to explicitly depend on phase space fields. Hence, additional
terms involving derivatives of V%1 with respect to these fields will appear in Hamilton’s equations but they
will all be proportional to constraints C’?[J“ and so vanish on the constraint surface.

We finally point out an exotic solution that has not been covered by the prior analysis: that in which
¢! = 0 throughout spacetime. From (86) we see that if ¢! = 0 initially then it will remain so only if V' = 0.
From the results of Appendix [C] we see that this implies that the function N = 0 and furthermore if ¢! = 0
then gq = 0 and hence from equation (4] the spacetime metric g,, = 0. Furthermore, if ¢’ = 0 then
YIdJeK 7, and WF}K are zero and hence VXL are completely undetermined by the constraint propagation
equations, thus implying from (87) and (8] that the time evolution of fields 7 is undetermined. It is
unclear whether such solutions play any phenomenological role.

4.2 The Algebra of Constraints

Having completed the calculation of propagation of constraints, we can now classify the primary constraints
in terms of whether they are first-class constraints (i.e. their Poisson bracket with all other constraints
weakly vanishes) or second-class constraints (i.e. their Poisson bracket with some constraints does not
weakly vanish). The character of the constraints depends on the values of (g4,g-).

4.2.1 Case g4 #g-

For the general case g4 # g—, the classification of constraints is illustrated in Figure[ll Given the classification
of constraints, we can now count how many (complex) degrees of freedom on a general background. The
dimensionality of the phase space per spatial point is

P=38(¢" Pr)+18 (B, Py +18 (B8, ", Pif*) = 44
The number of first-class constraints is
F=3(G")+3(G ) +4(#") =10
and the number of second-class constraints is
S=9(CH) +9(Cr)) =18

The number of degrees of freedom per spatial point is therefore

DOF = %(P— 2F — 5)
—3 (93)

oy ‘:. A"“

(21 =1+ 277K G+ 27751 O

Figure 1: The structure of constraints in the case g4 # g_. First-class constraints are blue whilst con-
straints that are individually second-class are shown as green. The constraint analysis reveals that a linear
combination of second-class constraints yields the first-class constraints J#7.
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4.2.2 Case gy =g

For the special case g4 = g_, the classification of constraints is illustrated in Figure 2l As in the previous
case, the dimensionality of the phase space per spatial point is

P=38(¢" Pr)+18 (B, Py +18 (8,1, Pr*) = 44
However, now the number of first-class constraints is
F=3(G")+3(G")+4(A") +3(0.6°C}}) + 3(0.0°C1)) = 16
and the number of second-class constraints is
S =6(PCY)) +6(P4Cry) =12

The number of degrees of freedom per spatial point is therefore

DOF = %(P— 2F — S)
=0 (94)

Therefore the theory with g, = g_ propagates no degrees of freedom and can be regarded as a topological
field theory.

() [rael) (awcn] (Puce) [asic]

ATV v &

{%1 = ¢ 4 UHIKL Grta UfJKIaCﬂ;I%}

Figure 2: The structure of constraints in the case g = g_. First class constraints are blue whilst second
class constraints are green. Unlike in the case g # g_, a subset of the individual C'?[Ja constraints are first
class. As in the g4 # g constraint analysis reveals that a linear combination of individually second class
constraints yields the first class constraints JZ7.

The case g+ = g— has more first-class constraints than the case gy # g_ and so it is to be expected
that this specific case has more symmetry than the general case. The precise additional symmetry that the
theory possesses compared to the case g1 # ¢g— can be demonstrated in the Lagrangian formalism. It is
useful to write the action for general (g4, g—) in the language of differential forms:

S = 2/€]JKLD¢I A D¢J N (g+R+KL + g_R_KL) (95)

where we use D to denote the covariant derivative d+w according to the entire spin connection w = wt +w™.
Now consider the following field transformation:

le N le, wﬁJ:I: N wﬁJ:I: + au(bQéd:IJ (96)
Under (@6) the action changes as:
§S = /4(9-‘,- _ g—)EIJKLd(bQ /\D(b] A (é-IMRJrKL +€+IMRKL) (bM (97)

+2D <€1JKLd¢2 AD¢' N D¢” (g &R + g—f_KL)) (98)
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Therefore in the case g4 = g— and only in this case does the action change by a total derivative - and hence
boundary term - under the transformation of fields ([@6]). This result holds even ‘off-shell’ and therefore the
field transformation is a symmetry of the theory [I7]. Note that the transformation (@6) when applied to
the pullback of wﬁd 7 to surfaces of constant time 377 agrees with the transformation generated by the first

class constraints 9,¢>C7}" i.e.

SpET = (B 9,6°CEY (KL}
= D, (99)

4.3 Reality conditions

We have seen that models with g4 # g_, propagate three complex degrees of freedom on general backgrounds.
Because of the inherent complexity of the theory, in principle, it is possible that the Hamiltonian will generate
classical time evolution of fields to become complex even if initially real at some moment ¢ = ¢y. A standard
requirement is that the spacetime metric be real. From (I4)) this is ensured if fields (N, N%, q,p) are real.
From Appendix [Clit’s clear that (N, N%) are real if V! and el are real [J. We will require that V7 is real and
that qu = nr Je{leg be initially real and for this realness to be preserved by time evolution. Additionally,
anticipating that the norm ¢? = ¢;¢’ will have physical significance, this quantity should also be required
to be real. Time evolution is generated by the Hamiltonian

H = =G0 — G0 + CrvI + GV + C7v ] (100)

Then, recalling the definition (55]) of ¢/ we have for the general case g # g_ that

Oeqab = 2017t {0pd” + B 0™, H}

= 277],]65( — 8bVJ + (Z;_JKL + ZZ)_JKL)VL(bK + [:)’JKbVK) (101)
0,9 = 241{¢", H}
=20, V! (102)

From (I0Z), we see that given our assumption that V! is real then an initially real ¢? remains real if ¢; is
real. In the general case, it’s likely, not possible to find closed expressions for (Z;r KL Zz; JKL ), however,
they will depend on the generally complex (g, g—) which may create an imaginary part to 0.y even if
initial data for the phase space fields is real. It is challenging to determine in the case of general (g4, g-)
whether maintaining the reality of q,; generates further constraints on the complex phase space. We will
see, however, that in the special cases (9+ = 1,g9— = 0) and (¢g+ = 0,g_ = 1) that contact with familiar
results from the Ashtekar model is possible. First, it is helpful to illustrate a manifestation of the challenge
of finding reality conditions in the general case in a simple physical example: the propagation of linear metric
perturbations on a Minkowski space background.

4.4 The propagation of metric perturbations on Minkowski space

The Euler-Lagrange equations following from the Lagrangian density (50) have a solution R’ (W) =0 [5].

Thus a gauge can be found where w{t'] =0 and g, = 1770,0'0,¢7. If RUW (w) = 0 then it turns out that
¢! is otherwise undetermined by the field equations and hence ¢! can take a profile where it forms a set
of Minkowski coordinate such that g,, = n,, i.e. Minkowski space is a solution to the theory for general
values of 7. Now we restrict ourselves to a wedge where ¢? = nr;¢'¢’ < 0 and adopt a Lorentz gauge
where ¢! = T6t. Then, using T as a time coordinate and denoting z¢ as spatial coordinates on the surface
of constant time we have

2The complex-valued fields that coordinatize the phase space may combine with complex V! to produce real four dimensional
metrics of Euclidean signature but we do not explore that possibility in this work
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ds* = —dT @ dT + T%6,; EL E} dz® ® da (103)

where i,j = 1,2,3 index spatial coordinates, Eldz® = dy, E2dz® = sinh(x)df, E3dx® = sinh(x) sin(6)dé.
Therefore we can identify the region ¢;¢! < 0 in Minkowski spacetime coordinatized by (t,2%) as an open
Friedmann-Robertson-Walker universe with scale factor ¢ = T. This is a Milne wedge and without loss
of generality we choose the upper Milne wedge of Minkowski spacetime. Now consider the following small
perturbations to the spin connection

R
Sl = 3 H',E’ (104)
Sw¥ = a¥dt + TW, F By, (105)

where (H ,a% W) are symmetric and traceless. These perturbations produce a perturbed spatial metric:

6gab = ijEjaEkb (106)

It can be shown that the perturbation (a;;, W;;) can be solved for algebraically in the field equations in
terms of first derivatives of H;; and so eliminated from the variational principle to recover the following
Lagrangian density

15 3 Lo i L ij 2k ij
iﬁ(H) = a (— ?H»LJHJ — ﬁh DaHJDbHij - EH»LJH]> (107)

where here A is the unperturbed inverse spatial metric on the surface of constant T - with spatial curvature
constant k = —1, a = T - is the ‘cosmological’ scale factor, and where H;; is assumed to have support in the
upper Milne wedge. In the case 2 = —1 (which corresponds to either (g4 = 1,g_ = 0) or (g4 = 0,g_ = 1))
the Lagrangian density reduces to that of General Relativity, describing the lightlike propagation of the
spin-2 perturbation H;; on this background. For all other values of «, the propagation of H;; is at a different
speed, and it is readily seen that if 42 has an imaginary component then an initially real perturbation
H,;;(t = to) will evolve by the equations of motion to become complex and hence in this simple case the only
way to preserve reality of the spatial metric would be to constrain H;;(t = to) = 0, showing that the reality
conditions can reduce the number of propagating degrees of freedom.

5 An extension of General Relativity

We see from (I07) that only for the case 42 = —1 does the propagation of gravitational waves correspond
to that of General Relativity and we will now focus on this case. The condition 72 = —1 encompasses two
independent possibilities: (g4 = 1,9 = 0) and (g4 = 0,¢9— = 1). We will first focus on the former case
and later demonstrate how the latter case can be straightforwardly recovered. When (g4 = 1,¢9— = 0), the
primary Hamiltonian density simplifies considerably. Recalling its general form

H=-Q"GH - G +VIC +V, 7 CHr+ v, I Crp, (108)

the constraints now simplify to:

Gy = D§ﬁ+)15;fzc + [P[I¢J]]+ (109)
G, =DV )Pf+ [P[IébJ]r (110)

Cr = Pr — 2er k18" R (111)
C’;rf = PJFJC — 2[61JKL§“bce§eﬂ+ (112)
Cri =Py (113)
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Given these simplifications, it is possible to algebraically solve for the (3, 1y ]51}“) and eliminate them from
the variational problem. Firstly, from ([II3) we have P, ;" = 0. Then, recalling the definition (3)), the

constraint C';FJC can be regarded as an equation for which one can solve for 8,17 = B 17(p7, Pt ¢, 09).

Therefore the second-class constraints can be solved. Given these solutions, the constraint G;; simplifies to
I:P[]¢Jﬂ_ = Q; if we decompose P! = TI¢! + Pf_, where Pf_@ = 0, then ~g~;, = 0 can be taken to imply
the solution Pi = 0 which we now adopt. Additionally the quantity V/C; can be expressed in terms of
quantities (N = N/,/q, N*) and the remaining phase space variables using a number of useful results detailed
in Appendix [D] so that the gravitational Lagrangian density can be written:

- _ 1.~ . _ . -
E[P;tla,B;—IJ,H7¢2,Q+IJ,JY7N¢1] _ 5H¢2 + P;tlaﬂJrlJa + Q-HJ (Dgﬂﬂpﬁja)

~ 1 1., -
-N (&H\/a\/ —0? + 74" 0a? 0 - ZP};P“@R“@,)
Coval(YEa 2, prbptld  ard (B pib
N ( 5T0.6° + PEPFSY - 117 DD P (114)

where /g and ¢%° can be expressed in terms of P} using ([44) and we have redefined Q7 — Q+1/ +
NeB+J g0 that the constraint obtained from the N® equation of motion when smeared with a field (¢
generates (non-Lorentz covariant) spatial diffeomorphisms f — f + L¢f on fields f in the phase space
coordinatized by (¢2,1:[, pHI ,I:’;f,“). The Lagrangian density that we have recovered corresponds to the
canonical formulation of Ashtekar’s theory of gravity [I4] coupled to a field ¢> = n;s¢’ ¢’ whose dynamics
is classically that of a pressureless perfect fluid when ¢? < 0 [I8, 5]. If ¢? < 0 and local coordinates are
selected so that 9,¢? for some region of spacetime then the energy density of the fluid is of sign £II and so
the choice of sign of ¢ = F1 reflects the relative sign of the energy density and II. More generally, ¢2 by
definition is not positive-definite and its equation of motion is:

1 1 1
5(%(;52 = Né\/—df" + Zq“baaaﬁzaz;(b? + §N“3a¢2 (115)

The equation of motion for ¢? differs from the equation of motion for, for example, the Higgs boson of the
standard model; unlike that case, 8;¢? is independent of the field’s momentum I and generally the right
hand side of ([II3]) will be non-zero whenever the spacetime metric is non-degenerate meaning that generally
the magnitude of ¢? will vary throughout spacetime. Notably there do exist solutions to the theory’s field
equations where, furthermore, the sign of ¢? varies throughout spacetime [5].

If instead, we had chosen the parameters (g4 = 0,g— = 1) we would have instead recovered the anti-self-
dual formulation of Ashtekar’s theory coupled to an effective matter component described by (¢?, 1:1)7 the La-
grangian density of which can be recovered from (IId) by the replacement of (817, ;") with (8,17, P; ).

6 Additional terms in the gravitational action and coupling to
matter

We now briefly consider additional terms in the gravitational action, the coupling of matter to gravitation,
and the degree to which they affect the above results regarding how many local degrees of freedom are
present in each. A straightforward extension of the models considered here would be to add a term with the
following Lagrangian density:

- A
L= _ngﬁq 751D,¢" D,¢" Do¢™ Do (116)

Where A is a constant. It can be shown that this term modifies only the constraint (G0, contributing a term
(A/3Nersrre®elefel | and that for general values of (g4, g—) this term does not modify the character of

c)

the constraints and so does not affect the number of degrees of freedom of the theory. Indeed it can be shown
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that (II0) is invariant under the transformation (@6). In the cases (g+ = 1,g- = 0) and (g+ = 0,9_ = 1)
the effect of (TM)) is that of a cosmological constant term.

We also now briefly consider other possible terms in the gravitational action. After integration by parts,
the action (@5)) can be expressed as a linear combination of integrated Lagrangian four-forms ¢™ ¢arer i R A
REL and ¢yérnrx R A REE [5]. There is one additional, independent four-form which is quadratic in ¢’
and in R": ¢ ¢ Ry A R'. This term - and generally other terms involving ¢;¢! - may be excluded by
the requirement that the gravitational action have a symmetry under ‘translations’ ¢! — ¢! + p! subject to
Dp' = 0 (the action ([@5) is manifestly invariant under this transformation).

The coupling of fields (¢!,w®!”) to matter fields depends on the representation of the SL(2,C); x
SL(2,C)_ gravitational symmetry that the matter field belongs to. For fields in the trivial representation,
such as spacetime scalar fields ¢ or one-forms A,, coupling to gravity is expected to be entirely via the
spacetime metric g,, = nr JD#¢I D, ¢”. In which case, in the canonical formalism, time derivatives of ¢! but
not of wffl 7 will appear in matter actions, leading to a modification of the definition of the momentum P;
via additional terms appearing in (G0). Additional couplings between gravity and matter fields are necessary
when the fields belong to non-trivial representations of the gravitational symmetry group, such as left and
right-handed fermions ¢*. Here some of the gravitational gauge fields wffl 7 must couple to 1+ so as to
create covariant derivative terms for these fields; these couplings will introduce no new time derivatives of

fields (¢!, wffl 7) but will result in additional terms in the constraints G=/7.

7 Conclusions

We now briefly summarize the main results of the paper and discuss the potential for future work. In
Sections [l to M we introduced the models looked at in this paper and produced the Hamiltonian form of the
models, focusing on an analysis on the propagation and nature of the phase space constraints present. The
Lagrangian density of the class of models considered is:

Llg", wfu] =& Fer 11Dy’ Dy (9+RKLaﬁ(W+) + QRKLaﬁ(W_)) (117)

It was found that in the general case g4 # g— three complex degrees of freedom propagate in the theory
whereas for the particular case g+ = g_ no complex degrees of freedom propagate in the theory. Furthermore,
it was shown that the cases (94 = 1,g- = 0) and (g4 = 0,g— = 1) correspond to an extension of General
Relativity that includes solutions corresponding to an additional effective pressureless perfect fluid matter
source. Interestingly, such a matter source has been of prior interest as a possible solution to the problem of
time in quantum gravity [19, 20, 21, 22} 23]. We find it encouraging that in the present models, the perfect
fluid arises ‘naturally’ from the theory and does not have to be independently posited.

It is useful to compare these results to a more familiar set of models of gravity. Setting 1/(327G) = 1,
the Palatini Lagrangian density B7 of Einstein-Cartan theory can be generalized to:

Lley,w, "] = & Peryrcrefe] (9+RKLaﬁ(W+) + Q—RKLaﬁ(W_)> (118)

where g+ = (¥ F¢)/7 with 4 being the Barbero-Immirzi parameter. The Palatini action corresponds to
(9+ = 1/2,g- = 1/2) (¥ — oo) whilst the chiral Ashtekar theory corresponds to cases (g+ = 1,g— = 0)
(7 =) and (g+ = 0,g- = 1) ( = —i) respectively. However, in contrast to the counterpart values
of (g4+,9-), each of the previous three models propagates two complex degrees of freedom and describe
identical solutions to Einstein’s equations upon the imposition of reality conditions B.

A natural generalization of (IT7]) would be the introduction of fields (¢4, 1_) (potentially with non-trivial
Lorentz index structure) such that the hitherto constant (g4, g—) are reflective of expectation values of these
fields. The General-Relativistic limits (g4 = 1,9— = 0) and (g4+ = 0,g— = 1) would then potentially arise
from spontaneous symmetry breaking (with the action formally symmetric under the transformations (98]
and accompanying transformation of (¢4,1_)) and with time variation of the new dynamical fields being
of significance in the early universe [26].

3However, there are indications that important phenomenology such as the power spectrum of different chirality gravitational
waves generated during inflation may depend crucially on the value of ¥ [24] 25].
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A Useful functional derivatives

Useful non-zero functional derivatives are as follows:

ﬁ:;g?) ; (6%651 - %m”)éfié(m - ) (119)
;ﬁ If;{ ((;”/)) % (5%5? ~ %e,JKL> §ed(a —a') (120)
5(;*3 " E?) % (5%6? + %em”> 5b8(x — ') (121)
; If;a((;)) % <5} o5+ 56 JKL>5;;5($ —a') (122)
;R]f((?) 578(z — ') (123)
;;bjigl)) =60(z — ') (124)

B Detailed example of the evaluation of the Poisson bracket be-
tween two constraints

Making use of the functional derivatives defined in the previous section and the definition of the Pois-
son bracket (G4), as an illustrative example we consider a detailed calculation of the Poisson bracket

{C; AL, Ck[VE]}. To do so, we first calculate the functional derivative of each smeared constraint
as follows:

B.1 Functional derivatives of C;'[Al’]

Given a test function A2/ = A1/ (i.e. a Lorentz tensor which depends on of 2¢ and is considered independent
of phase space fields), we can consider the following smeared constraint:

Ciplal) = [ @aal? (g =2 |eometectiet] ) (125)
where recall that el = 9,4’ + 8!, ¢”. Using the results of Section [Al we have:

SC=a[AKL
%j] =0 (126)
SPH

507(1 AKL 3 ~ +
% =4dg_|A] KLGMKL[IEdbC(bJ]el])W (127)
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7?5[” ] =4g- [Ac KLGMKL[IEdbC¢,J] ei];w}
d
SC L [AKL 3
K;(i] a ] _ 4g—D((l'8) (AC_KLGIKLMEabCel];W>
SO AR
6P, B

B.2 Functional derivatives of C;[A’]
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(128)

(129)

(130)

(131)

Similarly for the constraint C; we may consider a test function A’ and smear the constraint as follows:

é[ [AI] = /d3$AI |:p] — 2g+€]JKL§abcegR;;KL — 29_6]JKL§abc€gRb_CKL

Again using the results of Section [Al we have:

6Ck [AK]
—3ra 0
0P
5Cx [AK ) _ . i
75;(J[FU I [ —2AM eprper 80 (94 RYS T + 9 Ry F) — 49, 8D)f (EIJKLAKGQL)]
d
sCx[AK]
spP;
sCx [AK . _ bad 1y
752_[U I {— 24M err gL E ™ by (9 REST + g R, P) —4g "D, (EIJKLAKGQL):|
d
A [ AK
50;(7[}4] — 29+D((l[3) <AM€MIKLE~abcR;rCKL) + QQfD((zﬂ) (ALELJJKE
00 AT _ i
0Pr

B.3 Poisson bracket {C;f[AL7], Cx[VE]}
Applying the results from Sections [B.I] and Sections [B.2l we have that:

(132)

(133)

(134)

(135)

(136)

(137)

(138)

{Crr AL, CrVEY 2 /dngfl’]VK [2(9+ - g*)édbCEKLM[I(bJ] RyFM 4 g e perun Ry, MY (139)

where 2 denotes equality up to a total derivative (and hence boundary) term.



C Interpretation of the Lagrange multiplier V!

From Hamilton’s equations we have that

(2'5] _ VI _ (QJrIJ + Qil‘])(b,]
Therefore, using the results of Section 2.4] we have that:
VI =D ¢l = el = NNT + Nl
and hence V! is straightforwardly related to parts of the spacetime metric structure.

D Some useful results

D.1 Self and anti-self dual parts of the Lorentz tensor Y%, ,

Calculation shows self and anti-self dual parts of the Lorentz tensor YI‘%]EK 1, are given by:

Y[Czli]mi[KL](mi = 5dbeel];w€MIJ[K¢L] + (i)(l)(i)(2)5dbe¢M6b[1€J]MKL
+ 2i5dbe€é‘/[((i)177M[l77J][K¢L] + (i)(2)¢[177J][L77K]M)

- (i)(2)5dbee£4¢M77K[177J]L
D.2 Development of the constraint C'! in the case (g, = 1,¢_ = 0)
Using (IZ1)) we see that the constraint C; contributes to the Hamiltonian density via
Vlé] = (NNI + Naelll) (P] - 2€]JKL§abc€gR;;KL)

. ~ - +
Furthermore, when the constraints hold we have P;}C = —2[6 IJK La“bcef eﬂ
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(140)

(141)

(142)

(143)

. We can therefore recover

the following useful results. Firstly, the product of the determinant of ¢, and its matrix inverse can be

expressed in terms of momenta P;}C as:
cd _ prcp+dl
—16qq¢““ = P/, P

Furthermore we can express individual parts of C! as:

~abc I _Jp+KL __ 1~+e +1J
€rgx L€ eqe, Ry, —_§P1J Ry,

1~ ~
1 Jzabc p+KL _ +b p+cK p+I1J
—2\/6N €EIJKLELE Rbc = _ZPIKP JR be

NPy = gﬁ\/ 67+ 1q0. 520,07

- 1~
el P = EH&IQZ)Q

where we have used the result that P! o« ¢! in the cases where (9+ =1,9- =0) and (g—

(144)

(145)
(146)
(147)

(148)
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