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Loop quantum gravity envisions a small scale structure of spacetime that is markedly different from that
of the classical spacetime continuum. This has ramifications for the excitation of matter fields and for their

coupling to gravity. There is a general understanding of how to formulate scalar fields, spin % fields, and
gauge fields in the framework of loop quantum gravity. The goal of the present work is to investigate
kinematical aspects of this coupling. We will study implications of the Gaufl and diffeomorphism
constraints for the quantum theory: We define and study a less ambiguous variant of the Baez-Krasnov path
observables, and we investigate symmetry properties of spin network states imposed by diffeomorphism
group averaging. We will do this in a setting which allows for matter excitations of spin % and higher. In the

case of spin %, we will also discuss extensions of it by introducing an electromagnetic field and antiparticles.
We finally discuss how far the picture with matter excitations of higher spin can be obtained from classical

actions for higher spin fields.
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I. INTRODUCTION

The understanding of quantum matter fields combined
with a theory of quantum gravity is an important step
toward a grand unified theory. On the one hand, matter
fields yield access to verifying the theory of quantum
gravity. On the other hand, quantum gravity can act as a
natural regulator of quantum matter which solves concep-
tual problems in quantum field theory.

Loop quantum gravity uses a formulation of general
relativity as a constrained gauge theory, with a Gaul}
constraint encoding SU(2) gauge invariance (invariance
under spatial frame rotations). It was realized early on [1-3]
that, to solve the Gauss constraint, gravity and fermionic
excitations have to be coupled. A very compelling solution
was first suggested in [1,2] and later expanded on in [3]: the
fermions sit at the open ends of gravitational spin networks.
It was then realized that to consistently deal with adjoint-
ness relations, the density weight between the fermionic
canonical variables has to be balanced [4]. Detailed
derivations from classical actions have been considered
[5-7]. More recently, the coupling of fermion states to
gravity has been investigated also from the perspective of
spin foam models for loop quantum gravity [8,9]. The
coupled gravity-fermion states we are considering here are
precisely the boundary states in the spin foam formalism.

In the present work we expand on this in two ways. On
the one hand, the picture of spin % matter immediately
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suggests a generalization to point excitations of spin other
than % We will use this general picture in most of the work,
and also begin a discussion of how it could be derived from
classical actions for fields of higher spin. On the other hand,
we investigate the consequences of Gauf} and diffeomor-
phism constraints by studying various examples of quan-
tum states and by general considerations.

In Sec. II we generalize the matter Hilbert space of [4] to
excitations with arbitrary spin quantum numbers and use
well-known methods to implement gauge invariance [1-3].
In particular, we combine the idea of the gauge invariant
path observables of [3] with the quantum theory of [4] to
obtain simpler gauge invariant observables. In Sec. Il we
discuss the implementation [10-12] of symmetry under
spatial diffeomorphisms in detail. For the case of spin % we
make sure that we can remove gauge transformations from
the diffeomorphism constraint locally, to obtain a constraint
that generates exclusively local spatial diffeomorphisms.
We then discuss symmetry properties of the quantum states
imposed by the diffeomorphism constraint and the statistics
of the matter fields in examples. It turns out that assuming
the spin statistics connection from quantum field theory,
simple rules can be formulated for certain symmetric states
to vanish with the implementation of the diffeomorphism
constraint.

In Sec. IV we suggest candidates for the classical actions
describing the semiclassical limits of the considered quan-
tum theory. A Hamiltonian formulation yields contributions
to GauB, diffeomorphism, and Hamilton constraints from
the matter action, but also new constraints. We make some
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simple observations about this constrained Hamiltonian
formulation, but also point out thorny issues that makes
those classical theories quite complicated.

In Sec. V, an embedding of a U(1) gauge symmetry into
the theory for Dirac fermions is considered. The theory of
electromagnetism is already well understood within the
context of vacuum loop quantum gravity [13], and the
coupling to fermions is contained in [5]. Our discussion
leads to a formulation of positive and negative electromag-
netic charges or particles and antiparticles, respectively.

Throughout the paper, we use the signature (— + ++)
for the metric. The spatial slice the canonical theory will be
based on is denoted by X. Four-dimensional spacetime
indices are denoted by lowercase Greek letters
u,v,p, ... € {0,...,3}. Spatial indices are denoted by
lowercase letters a, b, c, ... € {1,2,3}.

Indices which correspond to a spin % representation
of SU(2) are denoted by capital letters A, B,C € {1,2}.
Spin 1 representations are denoted by lowercase letters
starting with 7, j, k,... € {1,2,3}, and four-dimensional
spin % (Dirac) representations are denoted by capital letters
starting with 7,J, K, ... € {0, 1,2,3}. Higher spin repre-
sentations are built by the symmetrized direct sum of
Dirac representations and are indexed by the multi-
indices denoted by capital script letters &/, %,6,... €
{A,i, (A1A2A3), ... }.

II. LOOP QUANTUM GRAVITY
WITH MATTER FIELDS

In this section, we will sketch the construction of an
unconstrained Hilbert space for gravity and matter of
arbitrary spin, and the implementation of the Gauss con-
straint. This is a natural generalization of the construction
of [4]. We also consider the generalization of natural
observables first suggested in [1,2] and later studied in
[3]. Using creation and annihilation operators, which both
act pointwise, enables us to reduce an ambiguity of these
path observables [3].

Let us start with matter-free loop quantum gravity. The
gravitational observables act on cylindrical functions which
form the Ashtekar-Lewandowski Hilbert space,

AL = Lz(d, duar), (2.1)
via multiplication of holonomies and the action of the
derivation Xy, respectively [14],

(), W[A] = (1), [A]¥P[A], (22)

/E,*P[A] = i(XLP)[A]. (2.3)
s

The matter degrees of freedom are described by a Fock
space based on pointlike excitations. The total uncon-
strained Hilbert space can hence be described by the tensor
product

H =Ky @ F(AD), (2.4)

where = denotes the (anti)symmetric Fock space over the
one particle Hilbert space

AU = T,

XEX

(2.5)

This can be equivalently written as

AU = {f: T — C¥*!|f(x) # O for finitely many x},
(2.6)

() =D F&) £(x). (2.7)

XEX

The matter Fock space comes with creation and annihila-
tion operators satisfying the canonical (anti)commutation
relations,

[0()7, 0" () 5] = 656y (2.8)
[0(x)7,0(y)*].. =0, (2.9)
(67 (x) 4. 0" (y) ) = 0. (2.10)

where we denoted the indices ranging over the spin j
representation space by the script letters &/, 9. These can
be constructed by 2j many symmetrized Weyl spinor
indices. x and y are points in the spatial slice . Note that
the creation and annihilation operators can be constructed
to act as a spacetime scalar and hence pointwise [4].

On the way toward a physical Hilbert space, we need to
implement the Gauss constraint. For this, we only regard
quantum states lying in the kernel of the quantum Gauss
constraint operator, or equivalently states that are invariant
with respect to the unitary action U, of gauge trans-
formations generated by the Gauss constraint operator.
The action of U, reads’

Uymj(he)Us" = g(s(e)) - z;(h) - g7 (t(e)).  (2.11)
U, 0(x)U," = g(x) - 0(x), (2.12)
U0 (x)U;' =6 (x) - g7 (x). (2.13)

When implementing the Gauss constraint, we arrive at the
Hilbert space of SU(2) invariant states. One suitable basis is
given by a generalization of spin network states, which also
admit spin representations of matter fields at the vertices of

'Note that we are using the convention that the first index of /,
transforms at s(e) and the second one at 7(e). At the same time,
we are using the convention for eof, which is used in [15], such
that &, - hy = h,.; holds.
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the underlying spin network graph. We want to characterize
these in the following subsection.

A. Generalized spin network states

The kinematic Hilbert space is spanned by the tensor
products of spin network states with Fock states. To
implement the Gauss constraint, one can follow either
refined algebraic quantization [11,16] or a reduced phase
space quantization both yielding the same result.

We have to filter for all states which are invariant under
gauge transformations [1,5] leaving only certain combina-
tions of holonomies, intertwiners, and matter fields where
the gauge transformation cancels. Given a graph y and a set
of matter fields @, , ..., 0, , together with (2.11)—~(2.13) we
can now deduce the characteristics of the quantum states in
the Hilbert space H; of gauge invariant states with the
following characteristics:

(i) The matter field € has to be attached to a vertex of
the underlying graph y. This might also be a 2-valent
vertex, although we do not consider them in the
vacuum theory.

(i) For an n-valent vertex with a single matter field 6 of
spin j attached, only intertwiners of the form

R Qj, = (2.14)

can be gauge invariantly coupled with 6. In particu-

lar, the set of spin quantum numbers (j, ..., j,) is
restricted by the Clebsch-Gordan rules for spin
coupling.

(iii) For an n-valent vertex with an arbitrary number N of
particles, only intertwiners of the form
j® - Q®j, =k (2.15)
can be gauge invariantly coupled. Again, the set of
spin quantum numbers (ji, ..., j,) is restricted by
the theory of spin coupling. Here k denotes a spin
quantum number the N particles can couple to. k is
restricted by the Clebsch-Gordan theory to be in
the set

ke {0.1,...N-j}.

or ke lé N-j
705 Jjr.

The second set is valid only for N odd and j half-
integral. If we assume anticommutation relations, as
known as fermionic quantization, then the total spin
is further bounded by a total number of 2j+ 1

(2.16)

(2.17)

particles or equivalently k < j -+ —&. This encodes
the finiteness of the antisymmetrized Fock space at

any point.
In particular, N = 0 reduces to the vacuum spin
network case. Furthermore, we can generalize this

for mixing different types (spins) of particles at one
and the same point. Then, we would get the tensor
product of coupled spin variables ki, ...,k; each
corresponding to one specific type. The intertwiner
then has the form

LR ®J, 2k ® - ®k. (2.18)
(iv) One-valent vertices, i.e., single starting or end points
of holonomies, are compatible with matter fields
attached. As the corresponding intertwiner has to
couple to 0, only a spin k representation of the said
holonomy qualifies for a gauge invariant spin net-

work state.
The total Hilbert space of gauge invariant states is then
spanned by the states described above. Another way to
describe the gauge invariant states is that they are obtained
by a pairing (summation over the free indices) of a
generalized spin network as defined in [14] with a suitable
matter state with particle excitations at the nongauge

invariant vertices.

We complete the discussion on the implementation of the
Gauss constraint by discussing an example of such a
generalized spin network state shown in Fig. 1. There,
we can see a graph with spin % particles denoted by stars,
which lie at the vertices. The black dots, on the other hand,
denote vertices without matter. We might have also
sketched a pair of spin 3 particles, but they will have no
effect to the state. Single particles do influence the spin
quantum numbers of the adjacent holonomies as they have
to coupleto j = % in order to yield a gauge invariant state in
total. The generalized spin networks can be formulated
with arbitrary particle types with an adequate pictorial
notation. To keep the example simple, we leave it by
inserting spin % particles only. Furthermore note that we did
not depict the directions of the edges in Fig. 1 for the sake
of clarity. The direction can indicate index positions of
holonomies and intertwiners. However, using the respective
(pseudo)metric, we can arbitrarily lower and raise the

3/2

1/2

1 1/2

FIG. 1. Exemplary generalized spin network state. Vertices
with a spin % particle are depicted by stars and vertices without
matter by dots. The spin % particles couple to the star intertwiner
gauge invariantly. For the sake of clarity, arrows depicting the
direction of the edges are omitted.
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indices and therefore change the directions of the edges,
anyway.

B. Path observables

After we have introduced the Hilbert space # ' of gauge
invariant generalized spin network states, we will now face
the natural question of how to create and annihilate
particles. Obviously, it is not possible to create or annihilate
a single spin § particle without leaving 7 ;. Instead, we can
introduce operators which are coupled gauge invariantly.

References [1,2] suggest to couple creators and annihi-
lators by holonomies. The idea was continued by [3].
However, there the annihilation operator is a density of
weight one. Therefore, every appearing annihilation oper-
ator has to be smeared gauge covariantly, i.e., with a
holonomy with a variable end point lying within an open
subset & C X whose closure is compact. To do this in a
well-defined manner, an arbitrary but fixed rule of how to
construct the edge e, and therefore the holonomy hepp,

with fixed starting point p and variable end point p’ has to
be applied. This is necessary since there are a priori
infinitely many different edges with specific starting and
end points when integrating over the end point of the
holonomy hepp,.

In our case, using the scalar creation and annihilation
operators of [4], this complication is bypassed. A gauge
invariant creation operator of two different chiral compo-
nents may take the form

A A 2.19
92€AC”%(he)CBQqB = i*—*z, (2.19)

where p,q € X and ¢(0) = p, e(1) = ¢, and we depicted
this so-called path observable also by a graph with the stars
indicating creation of, in this case, two Weyl spinors. The
direction of e is again implicitly encoded in the starting and
end points p, g. The order of the action of the operators
follows the convention that the symbol on the right acts first
(just as in the algebraic formulas).

The operator (2.19) acts on a generalized spin network
state by generating a matter field at the point p, a spin %
holonomy along the edge e, and a matter field at the point
q. The resulting state can be written again as a linear
combination of spin network states now corresponding to a
potentially larger graph.

|

e . f
0 0 o A 0
p* *, g O— x, i_p* *r,

If we wanted to define an operator which annihilates a
particle at one or both end points of the holonomy, we have
to be careful whether one already uses the smeared version
of the annihilation operator or the version of [1] of the
annihilation operator. With the smeared version 9;, we can
define, for instance,

=
At A 2.20
9,‘: AT (he)AB Hﬁ = 19:0—*27 ( )

where we depicted the annihilation operator by an empty
circle. The operator (2.20) now annihilates a particle at the
point p, creates a holonomy along e, and creates a particle
at the end point g of the holonomy. Since the particles 6 are
indistinguishable, this operator effectively transports a
particle lying at p along e to g.

For the sake of completion, we also show the last variant
of the path observables including two spin % fermions and
one holonomy

=3

of of

: . (2.21)
4 q.

9; AT (he)"pe®c ej,c =

Given a particle of higher spin, we can define the creation
two matter fields, for instance,

0 e ym;(he) 2508, (2.22)
which creates two spin j particles at the points p, ¢ € ¥ and
a spin j holonomy in between.

The last operator we want to draw attention to can be
obtained as a special case of (2.20) by choosing a trivial
edge and p = ¢ and consequently also a trivial holonomy
s (h,) = 1. We end up with the operator

00,00 =@ =N +1 (2.23)

pAYp 14 ’

which creates and afterwards annihilates a particle 9 at the
point p. This operator is related to the well known number
operator N in quantum field theory. It can also be shown
[17] that the (anti)commutator of the path observables
(2.19)—(2.21) and (2.23) form again path observables if the
holonomies meet at end points. This statement still holds
when using the scalar creation and annihilation operators.
For two edges ¢(0) = p, e(1) = f(0) =g, f(1) = r, for
example, we find

(2.24)
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which is a direct consequence of the canonical (anti)
commutation relations of 6, ', and h,. One can read
(2.24) such that stars and open circles can be linked to a
longer holonomy. Indeed [3,17], this rule applies to all
possible combinations of path observables. If there are
multiple possibilities to link stars and circles, we will be left
with a linear combination of those links. On the other hand,
if there is no such possibility, then the (anti)commutator
vanishes. (Anti)Commutators involving the number oper-
ator also behave in the same way, for instance,

. f f
a 0 of of o 0
[q®’q*—*ri_q*_*r'
(2.25)

With the operators introduced in this section we have found
an intuitive formulation of creation and annihilation of parts
of generalized spin network states including matter fields.
As a next step, we want to take a look at the diffeo-
morphism constraint and its effect on the quantum states.

III. DIFFEOMORPHISM SYMMETRY

On the way to a quantum theoretical formulation of
matter fields, we need to understand the symmetries of the
theory. The generators of these symmetries are besides the
Gauss constraint—on a kinematical level—also the diffeo-
morphism constraint. In this section, we will discuss the
action of the diffeomorphism constraint in the quantum
theory, and the symmetry properties it imposes upon states.
We refer to Appendix A for a review of the standard
derivation of the diffeomorphism constraint for vacuum
loop quantum gravity [10,15]. There we extend it by the
contribution from the Dirac theory of spin % particles [5,6]
and discuss details of the separation of gauge and diffeo-
morphism symmetry.

A. Diffeomorphism invariant spin network states
with matter fields

In generally covariant theories, the diffeomorphism
symmetry ensures that physical information may only be
extracted from the equivalence classes of diffeomorphism
invariant states. In particular, the absolute point inside the
spatial hypersurface p € X has no physical relevance;
rather we can deform X by semianalytic diffeomorphisms,
and we do not change any physical observable. In matter-
free loop quantum gravity, states fulfilling the diffeomor-
phism constraint are obtained via an averaging method
[10,12,18] yielding equivalence classes of deformed states.

It will make a significant difference what conditions are
imposed on the diffeomorphisms that constitute the diffeo-
morphism symmetry. This has been discussed already in
previous work [10,19]. We will work in the semianalytic
category [20].

In the following, we will be particularly interested in the
interplay between the (anti)symmetrization imposed on
quantum states that are based on graphs with symmetries
by the diffeomorphism constraint on the one hand, and
the (anti)symmetrization of the state due to the statistics of
the matter field on the other hand. The fact that (anti)
symmetry is imposed in some cases due to the diffeo-
morphism constraint is a novel feature in loop quantum
gravity.

The spin network decomposition of the Hilbert space
¢ contains all the spin network states that admit matter
fields at the vertices of y such that they are lying in the
kernel of the Gauss constraint. Let Diff(X) denote the
group of semianalytic diffeomorphisms. We will consider
the following subgroups:

Diff, = {¢ € Diff(%)|(y) = 7} (3.1)
TDiff, = {¢ € Diff,|¢(e) = e and ¢(v) = v

Vee€E(y).veVy)}, (3.2)

GS, = Diff,/TDiff,. (3.3)

The group Diff, consists of those diffeomorphisms which
map the graph y onto itself, while TDiff, maps the graph
trivially onto itself; i.e., it maps every edge ¢ € E(y) and
every vertex v € V(y) onto itself. Note that this also
ensures that all fermions are mapped along with the
vertex they are attached to in the first place, as the
diffeomorphism constraint can be reduced to spatial diffeo-
morphisms. The quotient of Diff, and TDiff, again forms a
group whose elements we call graph symmetries ¢ € GS,.
These describe the permutations of edges and vertices
within the graph y, which can be achieved by a semianalytic
diffeomorphism. In particular, the number of graph sym-
metries #GS, is finite.

We define the diffeomorphism invariant states by aver-
aging over all the diffeomorphisms ¢ € Diff(X) taking two
steps. First we define the action of a projection operator 13y
on a spin network state ¥, corresponding to the graph y,

X 1 A
P, = e > 0,9, (3.4)

Y $EGS,

Here, U ¢ acts on the spin network state by mapping edges
of holonomies and vertices of intertwiner as well as the
vertices where a matter field is attached:

Uphe = hyoy,  Up=1.  Uy0,=04,. (3.5
In the second step, we average over the rest of the
diffeomorphism group, namely the diffeomorphisms
¢ € Diff(X)/Diff,, which move the graph y. This group,
however, has infinite cardinality, such that we have to
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define the state (7(¥,)| in the dual space % with the
following action on a spin network state ®, € 7,

(W(Ty)|q)a> = Z<f]¢i)y‘yy|¢a>

PET,

(3.6)

In the literature, # is called the rigging map [10,18]. Note
that as @, has a convergent norm, also the sum in (3.6) will
be convergent such that (7('¥,)| is well-defined.

We want to understand the behavior of spin network
states under diffeomorphism symmetry. We want to discuss
a condition under which a spin network state will be
mapped to 0. This way, it is possible to identify states that
do not appear in nature as they are annihilated by diffeo-
morphism symmetry. We want to discuss one sufficient
condition such that given a spin network state 'V, the group
averaged state (17(‘Y,)| vanishes.’

Lemma IIL.1: Lety be a spin network graph and ¥, a
spin network state. If there exists a graph symmetry y €

GS, such that U,,,‘I‘}, =-Y¥,, then the diffeomorphism
averaged state vanishes. In other words,

(n(¥,)] = 0. (3.7)

Proof—We prove the hypothesis by proving that the
projection f’y‘l‘y vanishes. As GS, is a group with finitely
many elements, we can rearrange the averaging sum in the
following way:

Pre, = 4GS, > Uy,

Y $EGS,

2#GS <¢§v Uy, +¢§g U y)

2#GS ( (/ez(;g Up¥, + (/)ez(;g U0y )

Z#GS <¢ezG:s 0,%, - %;S 0,9, ) (3.8)

where we used the group homomorphism property
UW/, :AIA]W U ¢#» Which becomes apparent from the defini-
tion of U. In the first step, we permuted the finitely many
addends of the second sum adequately. It follows that
also (n(¥,)| = 0. m

In order to identify states which get annihilated due to
the diffeomorphism symmetry, it suffices to find one graph
symmetry which maps the spin network state ¥, onto its
own negative. As we require physical states to be invariant
under diffeomorphism symmetry, we may call the states

*This was pointed out to one of the authors by Lewandowski
[21] in the context of loop quantum gravity without matter.

which satisfy the condition of Lemma III.1 unphysical.
Note, however, that this condition might not be necessary
for having an unphysical state, as we can also imagine
multiple addends canceling only in the ensemble but not
two terms alone. In the following, we will focus on the
condition characterized by Lemma III.1.

B. A specific spin network graph

If we consider the spin-statistics theorem known from
quantum field theory on curved spacetime [22] as a guiding
principle, we can study the behavior of spin network states
under the exchange of fermions or bosons by permuting the
respective vertices via a graph symmetry. The exchange of
the particles as well as the permutation of edges on the
graph will yield signs which may lead to the condition
needed for Lemma III.1. As spin network graphs can, in
general, be very asymmetric, i.e., there might be only a few
or no nontrivial graph symmetries, we can hardly make
statements about the physicality of general spin network
states. Because of this, we start with the simplest spin
network state admitting two fermions. In Appendix B, we
consider a more general class of spin network states. Let us
consider a state which consists of an edge e with a vertex at
the starting and end points each,

v, = é?ﬁAB”% (he)® 0510)

Here, 6 creates a spin % fermion in the Weyl representation.
The state ¥, contains two fermions at two distinct points p,
g€ . Up to a constant C, which is determined by
normalization of the intertwiner, we can depict the alge-
braic formula of the spin network state by a spin network
graph. The fermions sitting at the intertwiners at p and g are
depicted by a star. Although, this graphical notation is very
similar to the notation in [3], there is a subtle difference
between (3.9), which is a state, and (2.19), which is an
operator, having the same graphical representation. When
being applied to the vacuum state,” the operator (2.19)
yields the state (3.9). Thus, the similarity in the notation is
justified.

The state (3.9) can be generalized to a system of two spin
je 5> particles with a suitable gravitational interaction in
between

\I/e = gf(lp)dﬁﬂj (he)gg% '9<qg
; (3.10)
SR ——
p q

*The vacuum state is the Ashtekar-Lewandowski vacuum in
the gravitational sector and the Fock vacuum in the matter sector.
The former is uniquely fixed by spatial diffeomorphism invari-
ance; see [20,23].
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where now 7;(h,)? 4 is a spin j representation of SU(2),
1: j ® j — 0is the intertwining operator, and € is a vector
in the spin j representation space of SU(2). The state ¥, has
one graph symmetry ¢: X — X, which maps

¢ prq, ¢ q— p, ¢ e—el. (3.11)
The diffeomorphism ¢ exchanges the two particles and
hence is a good candidate for fulfilling the conditions of
Lemma III.1. Also here, the state (3.10) can be read in
two different ways, as a creation operator or as the state
per se. In the following, we will think about it as creation
operators, albeit it will not make a difference taking the
opposite perspective. If W creates the state W, then the

action of the Rigging map 7 on ¥ can be expressed via
the action on ¥ in the following way:

= (%)),

where |0) denotes the vacuum state. Let us apply the
diffeomorphism ¢ to (3.10) and get

n(%10)) (3.12)

Uy, = 050, (t45) ami(hp()) P 605

= géd(lq)ﬂ@”/(hf)%%‘gf'

In order to convert this expression into something compa-
rable to (3.10), we have to better understand the intertwiner
14 Which couples two general spin j holonomies. To do
this, we can use the fundamental representation of SU(2) to
build up any other irreducible representation. In particular,
we find the following lemma.

Lemma III.2: Let:: j®j—0, j€& % be a gauge
invariant intertwiner of SU(2). It holds

(3.13)

1z = (=) 154 (3.14)
i.e., the intertwiner is symmetric for integral spin and
antisymmetric for half-integral spin.

Proof.—We will prove this by giving an explicit con-
struction of 1. At first, note that the subspace of the gauge
invariant intertwiner, which couple

j®jz0®1&- - &2), (3.15)
is one-dimensional. If we therefore find one gauge-invari-
ant intertwiner 1 as described above, it will be unique up to
normalization.

We rewrite the indices pv as a number of 2j symmetrized
spin 1 indices and make the educated guess

Uy -0 (Br-Byy) = (A [(B " €Ay, (3:16)
where we denote the symmetrization grouping by a vertical

line |. Hence, Eq. (3.16) is symmetric in A4, ..., A, jas well

as in By, ..., By;. To prove the intertwining property, we
will successively use the intertwining property of e,

(3.17)

”%(Q)AC”%(Q)BDEAB = €cp»

with an arbitrary element g € SU(2). If we now build 7;(g)
from zr%(g) analogously, we end up with the desired
intertwining property

l(AlwAz/.)(Bl~~~Bz,)”%(9)A c 7(Q)B‘D,

X ﬂ%(g)A’ch/n'l(g)B Dy; — L€y +-Cyj)(Dy D))
S 1y571(9)757,(9)% 5 = 169, (3.18)
which proves (3.16). Finally, we can read off
l(Al Ay;)(By-Baj) ( ) 177Bj) (A Ag;)
tyz = (=1) ’lgmv (3.19)

yielding a sign factor —1 for each of the ¢ in (3.16). =
We are now ready to take a closer look at (3.13) and
compare it to (3.10),

U:}Sl}‘e = (1g) wm;(h7") P (05 6%)
= 7j(he)? 4 (1g) e (1) 705 67)
= (=1)¥m;(he)” 4(14) 650507
=Y, (3.20)

where we used the (anti)commutation relations of 6 in the
first step, the intertwining property in the second step, and
Lemma 3.2 in the last step. From (3.20) we deduce that the
simple spin network graph survives the diffeomorphism
group averaging. However, if we were to choose the
opposite statistics, the state would lie inside the kernel
of the rigging map 7. Note that the above considerations
also hold true for any disjoint union of an arbitrary spin
network state with a pair of particles (3.10).

C. Behavior of general spin network states

It quickly becomes apparent that we cannot ensure that
there always exists a diffeomorphism which performs the
desired exchange of particles. A counterexample can be
constructed from (3.10) just by gauge invariantly coupling
a spin network on one of the star vertices but not on the
other one. This state can be written as

\I]asymm = Fgef(lp)gd.@ﬂj (he)‘%)"g gqg
j (3.21)

where F denotes a spin network graph which couples to
the rest gauge invariantly. As we can see, there is no way to
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exchange the two particles without changing the topology
of the graph. Still, we can study the behavior on more
general spin network graphs, which do admit a graph
symmetry exchanging two particles. In Appendix B, we
challenge this idea and construct the most general spin
network states admitting two particles and a graph sym-
metry which exchanges the two.

There, we found rules for the detailed construction of
states which survive the diffeomorphism constraint. Given
a generic spin network state with graph symmetry, we can
decompose the intertwiner on the symmetry axis into the
Wigner basis and deduce from the statistics of the particles
which components will survive or vanish after group
averaging. Specifically, fermions will let those components
survive which gather a total minus sign, and bosons will let
those components survive which are invariant under the
diffeomorphism ¢geperar-

IV. CLASSICAL ACTIONS

As we have seen, quantum matter fields can be naturally
coupled to holonomies which represent the fundamental
building blocks of quantum geometry and are built from
representations of SU(2). To embed the discussions of the
previous sections into a more complete picture, we want to
discuss the corresponding classical theory from where we
would start a canonical quantization in the first place.

For the classical theory of spin % fields, we will review
the work [4-6]. Subsequently, we generalize the idea to
spin 0 as well as higher spin fields. For this, we follow the
same steps of the canonical quantization program as in the
vacuum theory but now for an action

S = SGravity + SMatter- (41)
For spin % there is the well-known Dirac action, and the
action for higher spin fields was already investigated early
on [24,25].

Note that the experimentally confirmed theories of integral
spin particles are actually Yang-Mills theories of connection
1-forms. This puts us into a dilemma of choosing between a
Fock quantization of integral spin creators and annihilators
or a loop quantization of the holonomies defined by path
ordered exponentials of connections (analogous to gravity
degrees of freedom), which would be a natural choice within
the background-independent loop quantization of gravity.
While a Fock quantization would fit better into the particle
picture of the previous sections, the loop quantization of
a Yang-Mills action with an underlying gauge symmetry
group G is already well understood (see, for instance,
Refs. [26,27]). However, the corresponding G-holonomies
decouple from the gravitational holonomies such that the
spin interaction character of the particles is lost and the
classical derivation would be inconsistent with the quantum
theory discussed above. Note that not only on a quantum

level do the two perspectives yield different theories but also
the classical theories turn out to be inequivalent (see
Appendix C for details).

A. Dirac spinors

In a gravity theory of fermionic matter, we can achieve a
Hamiltonian formulation. The Dirac action for a spin %

particle ¥ and its conjugate momentum IT := \/det(g)¥"
reads

i

Spirac = 3 //% d*x+/—det(g) (‘i’y“e’évﬂ‘l‘ -V, Pret¥),
(4.2)

with ¥ = ¥7)0, ¢ being the tetrad field and V the
covariant derivative which annihilates e. The spatial part
of the corresponding connection can later be identified with
the Ashtekar connection A [5]. If we now introduce a
foliation described by lapse function N and shift vector
field N via n* = 4 (T* — N*) and n, = —53, we can then
write the tetrad as

ey = i*(e)y — nynt, (4.3)
with the triad e? := i*(e)¢ being the pullback of the tetrad
onto the spatial hypersurface X. We also decompose the
Dirac spinor into two chiral components ¥ = (, 17), which
are both Weyl spinors. Plugging in all these quantities and
splitting up the derivatives into the ones along the time vector
field T# and the spatial derivatives D,,, the Dirac action takes
the form of a constrained system with Dirac contributions to
the Gauss, diffeomorphism, and Hamilton constraints [5].
The canonical variables are now given by the chiral

components (y, 77) and their conjugate momenta (7,,, z,) =
iv/det(g)(w',n") satisfying the anti-Poisson relations,

{WA(X)1 WB(y)}i =0, {”I[/A(x)’ ﬂy/B(y)}i =0,

{WA (x)’ ”l//B(y)}j: - &gax,y,

and similar for x. Also the anti-Poisson relations which mix
w and 7 vanish. Note that the momenta 7, go with a relative

(4.4)

(4.5)

factor /det(qg) in comparison to the matter fields y. It turns
out that the discussion is being simplified by transforming
the (spacetime scalar) Weyl spinors to half-densities [4],

E=+/det(q)y and p = {/det(q)n.

As a consequence, the conjugate momenta 7z, 7, are also
half-densities. They satisfy the simple reality conditions

(4.6)

me =&, m,=ip'. (4.7)

With both contributions, Holst and Dirac, the constraints
can be written in the following form:

106010-8



KINEMATICS OF ARBITRARY SPIN MATTER FIELDS IN ...

PHYS. REV. D 103, 106010 (2021)

1 .
G; = ~DE + (&t + pityp), (4.8)
K

1. 2P
Vo= —Fo,E + % (Dl +p'Dup—cc).  (49)
K

1
2K\/§

H= (2K, Kp]' = Fip)[E*, E'];)

+ L

24/det(q)
+i(E6'D,E— pTaiD,p —c.c.)
- K, (&'E=pTp)),

(24(E6E+poip)

(4.10)

where the constant « has to be taken into account since
Sholst and Spie carry different units.

The constraints can then be interpreted as the generators
of gauge transformations as in matter-free loop quantum
gravity. The kinematical Hilbert space can then be finally
set up as a tensor product space of cylindrical functions of
holonomies %, together with the antisymmetric Fock space
F~(%#) as discussed in Sec. II. For a way to write the
Fock space in which the states are (wave) functions, in
keeping with the gravitational Hilbert space, see [4].

B. Integral spin quantum fields

1. The spin 0 field

Before we consider higher spin quantum fields, we want
to shortly discuss the classical theory of a spin 0 and a spin
1 field explicitly. As a first step, let us take a look at the real,
massless Klein-Gordon field described by the Klein-
Gordon action

1
Sk = ~5 /ﬂ dx/=det(9) 9 D, D, 9. (4.11)

Since the matter fields ¢ are spacetime and SU(2) scalars,
the covariant derivatives can also be replaced by partial
derivatives.

We can perform a Legendre transformation, going over
to Arnowitt-Deser-Misner (ADM) variables [28] for the
metric and to ¢ and its conjugate momentum

0L det(q) B .

P (4.12)

The term mi) can be manipulated in such a way that the
canonical variables are both half-densities,

&= y/det(q)¢ and 7z = \A/ﬁ'

In this case, we will have to keep the covariant derivatives
in order to absorb the half-density factor inside the matter

(4.13)

field ¢p. However, the transformation to the half-density &
changes the symplectic structure. We can go back to
canonical variables by redefining the Ashtekar connection.
In the symplectic structure, we gather the following excess
term due to the product rule:

(/i)

) ) &P
np = ml —ml—, detlq) (4.14)

The excess term can be reformulated in terms of the flux
variable E{. In order to arrive there, we write

ZiVAt@) Loy Laaei s
270 '

4 det(q) 4q 9ap =

We can use both expressions of (4.15) in the following
linear combination:

Li(v/det(q)) _ <3 1> Z:(v/det(q))

! /det(q) 2 2)  detlq)
31 ab ; +1 l'a i
= — . — —.—e.¢e
2 4q 9ab 2 2 i€a
=S o (4.16)

4,/det(q) '

We can combine the term (4.16) with the symplectic term
—E9A! coming from the gravity action. Finally, the new
canonical variable, which is conjugate to E, reads

i

. ~. . e
Al s AL = Al 4 pf——4 4.17
> 4.\ /det(q) (4.17)

This also means that every appearance of the Ashtekar
connection A in the Holst contributions of the constraints
has to be replaced by the new connection A minus the
excess term.

We can finally write down the constraints in terms of the
new canonical variables

V, = 1:D,¢, (4.18)

H = (q"D,£9,¢ + 12). (4.19)

N[ =

In these equations, 9, is the covariant derivative using the
Levi-Civita connection, which can be expressed in terms of
E¢. One can see that—as expected for a spin 0 field—there
is no contribution to the Gauss constraint; hence the gauge
transformation of ¢ is trivial. The diffeomorphism con-
straint takes a similar form as in the Dirac case and can be
proven to generate spatial diffeomorphisms. From this
point on, we can follow the same steps as in the Dirac
case and describe the quantum theory by a tensor product of
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the vacuum spin network states with a Fock space of spin 0
particles. Finally, we end up with a rather boring theory,
since there is no constraint on the entanglement of the spin
0 particles with the gravitational holonomies but rather the
particles may be placed at any point in X, also displaced
from the spin network graph y. As the spin O particle is
gauge invariant, we would not expect anything different.

2. The spin 1 field

A more interesting theory emerges from an action of the
spin 1 particle. For the reasons discussed in the beginning
of this section, we will refrain from starting with a
Yang-Mills theory, although most of the experimentally
confirmed matter theories are Yang-Mills theories of
connection 1-forms in classical field theory of integral
spin matter fields. Rather we choose a minimal action for a
spin 1 particle inspired by the Klein-Gordon action. A
massive spin 1 particle can be described by a rank 1 tensor
¢, 1 €40,1,2,3} and the action [29]

N
S = P d4x5 V det(q)[_gﬂbn”vyd)lvv(pl

- m*pi¢' + iV, sV, ¢, (4.20)

where we lower and raise internal indices 7, J, ..., with the
Minkowski metric 7 and V is the covariant derivative with
the spin connection )’ ;, which defines a parallel transport
of the spin 1 representations and is compatible with the
tetrad e/,.

Note that it is important for the following analysis that
we consider matter fields with internal structure ¢; rather
than spacetime tensors A,,. We show in Appendix C that the
two theories are inequivalent in the presence of gravity.

The action of the spin 1 field (4.20) yields the equations
of motion

g;wvﬂqul)l - m2¢l - e}[tezv/lvu¢l =0. (421)

If we contract (4.21) with V,efn*! = V', then we get the
so-called Lorentz condition

m>einN ;= m*V’¢; = 0. (4.22)

The Lorentz condition reduces the degrees of freedom by 1,

such that we end up with 3 degrees of freedom as expected

for a spin 1 particle. Note, however, that this formulation is

valid only if we impose m? # 0. If we insert the Lorentz

condition (4.22) into the equations of motion (4.21), we can

derive the spin 1 equivalent of the Klein Gordon equation

g’wvuvuqﬁl - m2¢1 =0.

We can perform a Legendre transformation analogous to
the spin O case before. The action can be written again in
terms of three constraints

(4.23)

S = / d4x7rlg25[ - |:(U0J177:[¢J + Naﬂ]va¢[
M

N ab, 1] '
2 det<q) (q n va¢1vb¢l+det<q)

+ m2¢[¢[ - ej-‘vagl')ivld), - ﬂov[¢l>:| s (424)

where we again used the metric in terms of the shift vector
field N and the lapse function N being the Lagrange
multipliers for the diffeomorphism and Hamilton con-
straints and denoted the conjugate momentum to ¢; by
#!. As in the spin O case, we can then rearrange the half-

density weights y/det(q) to define the new half-density

matter field & := {/det(q)¢ and its conjugate momentum
e = \“/ﬁ by extending the Ashtekar connection by an
adequate excess term analog to (4.17) to make the
symplectic structure invariant under this transformation.
If we take a closer look at the variables ¢; and 7/, it turns
out that 1 of the 4 degrees of freedom is fixed by a
constraint. These couple with the constraints arising for the
spin connection .

In Appendix D, we list these technical hurdles in detail.
Although a satisfying solution to these problems is not
known yet, reminiscent structures from previously dis-
cussed theories appear. This lets us conjecture the spin 1
field contributions to the Gauss, diffeomorphism, and
Hamilton constraints to take a similar form compared to
the previous matter theories, namely

G; = e;j*nléy. (4.25)

Vo= m.D.&, (4.26)
1 . . )

H = 5 (4Dl D& + mime; + m*EET, (4.27)

where the covariant derivative & contains the Ashtekar
connection A and is compatible with the triad e. In order to
formulate the constraints in terms of the extended Ashtekar
connection A, one would have to choose another covariant
derivative and collect correction terms. Note that we
already left out the terms in the Hamilton constraint arising
from the additional term (V¢)? of the action (4.20). The
Gauss constraint G; can now be interpreted as the generator
of gauge transformations of the spin 1 particle £. To see
this, we calculate the Poisson bracket of the canonical
variables (7, &) with the smeared Gauss constraint G(A),

{G(A)’ (151'} = _Ajeijk()bk’ (4-28)

{G(A), 7'} = Areyinl. (4.29)
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The vector constraint V,, and Hamilton constraint H, on the
other hand, take a similar form as in the previous theories.

3. Higher integral spin fields

Although there is still work to be done in the case of spin
1, this gives rise to the conjecture that similar matter
theories with higher spin can be treated in a similar way.
However, in general the introduction of auxiliary fields is
needed to derive a generalized Klein-Gordon equation and
the Lorentz conditions

gﬂyvﬂvy¢1|~--lj = 0’

1] H —
ejvy¢11-~1_, =0

(4.30)
(4.31)

with ¢ being a symmetric tensor field, which describes an
integral spin j field when the Lorentz conditions (4.31) are
imposed. The auxiliary fields vanish on shell as long as we
do not add potential terms. In addition to that, the minimal
Lagrangian for an arbitrary integral spin j field contains the
terms (4.20) in addition to terms which are proportional to
the auxiliary fields. According to [29] the Lagrangian for
particles with integral spin reads

= /—det(g 451

— det(g) E (v¢(]>)121/ (V¢(1))12]j
+ (’)(¢<j—1>)’

g;wv v _m2)¢ I

(4.32)

where we pull internal indices with the Minkowski metric #
and defined (VgU)), e Vﬂcﬁy,) - The Landau

symbol O(¢U=1) collects all the terms that are at least
linear in the introduced auxiliary fields ¢U~%) with
j = g > 0. These auxiliary fields vanish on shell. More-
over, the additional term (V¢/))? reduces the number of
degrees of freedom of the matter field ¢/) to 2j + 1. Note
that this method only works for massive fields with m? # 0.
We see from the first term of (4.32) that we recover the
same terms as before in the Gauss, diffeomorphism, and
Hamilton constraints when doing a constraint analysis. The
remaining terms all contain at least one auxiliary field.
Since we can reformulate the classical equations of motion
in a way that the auxiliary fields vanish,

P9 =0  Vj>q>0, (4.33)
we will end up with the exact same form of the constraints
(4.25)—(4.27) after we implemented the conditions (4.33).
We conjecture that the most general form of the constraints
will read

Ll g

G[ - 7[5 Ti ! Jj]]...[jé‘[l...ji + O(¢(j_q))v (434)

11

Vo =1""Dup,.q, + O(pU™0), (4.35)
o, I,
H= qabDa‘fI]mlijfl' I + 71'5]1...]],71'51 :
+ m2§1] 1, 511...11- _ e“VDaf”Z'"IleléHz---Ij
2 DI+ O(pU9), (4.36)

where we denoted any function of the auxiliary fields ¢/~¢
which vanishes when implementing the on-shell conditions
(4.33) by O(¢U=9) and 7, being the basis elements of the
Lie algebra 81(2) in the spin j representation.

Note that the order of implementing the constraints
becomes important now. Since we would like to imple-
ment the Gauss constraint as the generator of SU(2)
gauge transformations, we can simplify this discussion
by first projecting onto the subspace where (4.33)
holds. Otherwise, we would have to deal with the
definition of a Fock space, in particular creation and
annihilation operators for each of the auxiliary fields

(]Ab(j_‘” and the action of the Gauss constraint would be
more complicated.

The covariant phase space formalism [30] seems par-
ticularly useful for this endeavor, as it clearly brings out the
points in the construction of the phase space in which the
equations of motion can be used.

C. Half-integral spin quantum fields

We finally suggest a general theory of loop quantum
gravity with particles of spin j € 2N°+1 . We are looking for
a theory of gravity minimally 1nteracting with matter
fields; i.e., we want to find an action which yields the
same equations of motion as in the free theory with
covariant derivatives. Even on the classical level, the
interacting theories of higher spin particles is a current
topic of interest [31-34]. There are several unsolved
problems including no-go theorems for certain theories
of higher spin particles. The very idea of a free theory of a
half-integral spin particle can be traced back to [25],
which is in turn based on [24]. The systematic approach
based on this work needs the introduction of auxiliary
matter fields, which vanish on shell in the free theory but
not necessarily in an interacting theory.

There, a half-integer spin n-+ % eNy —I—% particle is
described by a (5 (n+1),4n) @ (3n.1(n+ 1)) represen-
tation of the Lorentz group v, .., with the Weyl index
being suppressed. y is a symmetric tensor and satisfies the
spinor trace condition

711//][24..]” = (437)
with the Dirac matrices y’. Equation (4.37) reduces the
total number of degrees of freedom in the chiral com-
ponents of y to 2(n + %) + 1 as expected for a spin n +%
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representation.4 To run the program of loop quantum gravity
for half-integral spin fields, we would need a Lagrangian
from which we can derive the generalization of the Dirac
equation

(—iefy'D, +m)y; .. =0, (4.38)

ﬂljel;D#l//JIQ...],’ = 0, (439)
where we carefully intertwine four-dimensional representa-
tion space indices 1, J, ..., with four-dimensional spacetime
indices y,v, ..., nontrivially via the tetrad €} [cf. (4.2)].
Unfortunately, Eq. (4.39) is not an Euler-Lagrange equation;
i.e., it cannot be derived from an action by a variational
principle unless we introduce auxiliary matter fields [35]. For
a spin 3 particle, for instance, the Lagrangian density which
yields Egs. (4.38) and (4.39) for the massless case reads

p , 2
L =20y (ir" ek Dy —myyy =3 (e Dyyry)
1, .
- gﬂ)((zyKe’,‘(Dﬂ +2m)y, (4.40)
where we introduced an auxiliary Dirac spinor field y. The

corresponding Euler-Lagrange equations can be written in
the following form [35]:

, i
(—iyexD, +m)y' + <y ek Dy ™

2
2 1
=3 (eﬁn”D” + ZnyKe’;(Dﬂ>)(, (4.41)
Dy’ = —(iy*ek D, + 2m)y. (4.42)

The coefficients in front of each of the terms in (4.40) are
chosen such that the auxiliary spinor field vanishes on shell.
The equation y = 0 can be obtained by contracting (4.41)
with €D, and substituting (4.42) therein. This reproduces
Eqgs. (4.38) and (4.39) for the special case of a spin % particle.
For higher spins, the Lagrangian yielding the equations of
motion (4.38) and (4.39) can be constructed in a similar way
[35]. For the spin % particle, however, there is a way to write
the Lagrangian without the necessity of introducing auxiliary
matter fields. The Rarita-Schwinger Lagrangian [25] takes
the compact form

Lgs = ,(y""*eiD, — imo" )y

with K = ly[lyj},K]

IK __
3! =

rrK].
(4.43)

and o

In the canonical theory, the Rarita Schwinger field is descri-
bed by W¥; and the corresponding canonical momentum,

“The number of possible independent values of y is given by
the number of partitions of n identical blocks into four parts.

which is linear in ¥, [36-38]. Again it turns out to be
advantageous to go over to density weight % fields. On the
kinematical level, the four-dimensional Rarita Schwinger
field can thus be quantized as a triple of Dirac fields. One can
perform the analog constraint analysis as in the Dirac case
and again arrive at contributions to Gauss, diffeomorphism,
and Hamilton constraints, as well as new constraints coming
from the fact that ¥, turns out to be nondynamical.

The classical theory of higher half-integral spin quantum
fields can also be systematically constructed similar to
(4.32). Again, we refrain from writing out the whole
Lagrangian, but indicate the dependence of L on the
auxiliary fields [35]

L= V- det(g)y/}’]?_.,n(le’;ylvﬂ — m)y Dl

+O(p'Y) (4.44)

withn = j — % and the matter degrees of freedom described

by the symmetric tensor field w(/), which also carries a
Dirac spinor representation. Also here, the important term
yielding the desired constraints is the first one in (4.44),
while the other terms vanish if we implement the on-shell
conditions. The Gauss and diffeomorphism constraints
finally have the same form as (4.34) and (4.35). The
Hamilton constraint, on the other hand, will have the form

H=el¢p"1y!D gy .1 + m2(/’114--1,,¢1""1”

+ O(yl=9). (4.45)
The Hamilton constraint differs from the integral case by its
linear dispersion relation. In the case of the half-integral
spin, we conjecture that it will be possible to introduce half-
densities £ describing the matter field without changing the
symplectic structure. This is harder in the case of integral
spin, but an adequate redefinition of the connection also
yielded a formulation in terms of half-densities in the spin
0 case.

V. ELECTROMAGNETIC CHARGE AND
ANTIPARTICLES

In this last section, we want to challenge the extension of
loop quantum gravity with matter fields by a U(1) gauge
field. This is used to describe the electromagnetic charge
and interaction among particles as well as between particles
and spacetime. Therefore, it yields a better suiting descrip-
tion of most particles of the standard model of particle
physics.

On the level of loop quantum gravity without matter
fields, there have already been investigations on the loop
quantization of a U(l) theory [13,26], and also [4]
discussed that case implicitly in the context of spin %
particles. We want to review these results and combine
them with our previous results.
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We will start with a formulation of the constraint algebra
of the U(1) and SU(2) Gauss constraints as well as the
diffeomorphism and Hamilton constraints. Subsequently,
we can define creation and annihilation operators for
particles and antiparticles analogously to the path observ-
ables of Sec. II.

A. A kinematical Hilbert space for charged fermions

We will start with the Yang-Mills action for a U(1)
connection 1-form A, on curved spacetime

Sow = [ dt [ dei/=AG a7, (51
with the curvature F,, = 9,A,—0,A,. In F,,, we can
replace the partial derivatives by covariant derivatives D
corresponding to the Levi-Civita connection I" for the
transport of spacetime structures, the Ashtekar connection
for SU(2) structures, and the U(1) connection A, for U(1)
structures.

Performing a Legendre transformation of (5.1) with
respect to A, and the conjugate momentum

= /—det(g)F*°,

we end up with a Hamiltonian consisting of the following
constraints only [5]:

E 8(80A (5.2)

G; = D,E! + (&'t + pTep),

+ (&' +p'p),

(5.3)
G =D,E* (5.4)

Vo= FE + FyE’ +% det(q) (Dol +p Dop —c.c.),

(5.5)
1 4 .
H=——[©2[K,.K,) - Fi,)[E° E"],
N [(2[K, Kp)' = Flp)] ]
+E{D,(E'/E + plolp)
—iEY(E'0/ D& — pTo/Dyp —c.c.)
+ ECKL(EE = pip) + qup(EE” + B°B)].  (5.6)

where we defined B“ := —ebc Fp.. The U(1) Gauss con-
straint corresponds to the Lagrange multiplier A,. Also the
diffeomorphism and Hamilton constraints arise from the
action in an analogous manner. This is not surprising, since
we can express gravity theory in terms of Ashtekar’s
variables [39] as an SU(2) Yang-Mills theory as well. A
more elegant, geometric approach to the constraint analysis
of the U(1) Yang-Mills theory is derived by [40,41].

The U(1) Gauss constraint generates U(1) gauge trans-
formations. Note that both £ and p have the same sign in the
U(1) gauge constraint, which corresponds to the same sign
of electromagnetic charge. Importantly, the two Gauss

constraints decouple, which can be seen by calculating
the Poisson brackets between the smeared SU(2) and U(1)
Gauss constraints,

{G(A).G(A)} = (5.7)
Also, since A is Abelian, one can show
{G(A),G(A)} =0. (5.8)

As for the vector constraint V,, we can reformulate it in the
same way as before yielding the constraint W(]V ), which
generates spatial diffeomorphisms. This constraint behaves
similarly as an element of the Poisson algebra. The
commutator with the U(1) Gauss constraint takes the form

{G(A), W(N)}
- / d*x{AD,E*, (PL3A),E"}

+{AETE+pTp), iIN*(ET0,& + pTup — )}
= G(N(A)) = G(PLzA),

which is analog to {G(A), W(N)} = G(*PLyA) [15]. The
Poisson relations excluding the U(1) Gauss constraint
G(A) remain untouched. This ensures that the kinematical
Hilbert space with the two Gauss constraints and the
diffeomorphism constraint being implemented is stable
under the action of the constraint operators, since the
constraint algebra is closed under the Poisson bracket.

Let us also review the unconstrained Hilbert space of the
theory including U(1) representations [13]. We build the
Hilbert space additionally with U(1) holonomies

(5.9)

h.(A) ==Pexp/A e u(1), (5.10)

which satisfies the same properties as the SU(2) holono-
mies in addition to the fact that they are Abelian. These
will build up our Hilbert space, as we can formulate a *
algebra with them together with the electric fields £ and
E [13].

Hence, we define the Hilbert space of charged matter
fields on loop quantum gravity as the Cauchy completion of
the span of smooth cylindrical functions with respect to
both connections A and A

H = PH,.
4

Hy = span{‘lj},[A,A] S Cy1§°}, (511)

where we now call a function of A and A cylindrical if it can
be written as a function of holonomies

WA A = f(hy . ohy by k) €U(D).  (5.12)
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The prime ' in 7, denotes that we only consider the

orthogonal components of each of the Hy; 1.e., H; does not
include cylindrical functions which are also cylindrical
with respect to a graph 7 C y which is strictly included in y.

The inner product can be constructed just as the
Ashtekar-Lewandowski inner product but using the Haar
measure of SU(2) x U(1) instead of SU(2). The orthogonal
components are further decomposed into the irreducible
representations of SU(2) labeled by spin quantum numbers
JjE % and U(1) labeled by charge quantum numbers
n € Z. This yields the decomposition

!~ !
Hy = O 15
JolLii

(5.13)

where the spin vectors ; and 7 encode the spin representa-
tions of the SU(2) holonomies, 7 encodes the representa-
tion of the U(1) holonomies, and the H’ Vi only contain

cylindrical functions admitting the respective spin or charge
representations of the SU(2) and U(1) holonomies.

In order to solve the U(1) Gauss constraint, note that the
n representation of h, transforms as a holonomy

7, (he) = 7,(9(e(0)))m, (ke )7, (97" (e(1)))

= e O) g, (h,)emPe() (5.14)

with ¢p:X — u(1). Taking into account the matter fields,
we find the transformation

0, > e mdr)g . (5.15)

If we consider gauge invariant cylindrical functions only,
all the exponents in the gauge transformation of (5.14) and
(5.15) have to cancel. The U(1) invariance can hence be
translated into the simple condition

Zn —Zn - an—o VoeV(y),

E(v E(v
f‘(el ):v f)(EO) v 96@

(5.16)

where E(v) denotes the set of edges which start or end
at the vertex v € V(y) and ©(v) the set of matter fields
which are attached to ». Note that n, is fixed for a fixed
particle type 6. In particular for spin 1 fermions, it holds that
ng = n, as pointed out before. All the quantum states
which satisfy (5.16) in addition to being SU(2) invariant
define the Hilbert space H; of gauge invariant quantum
states. However, for U(1) invariance we need the notion of
antiparticles, which is not yet present in our discussion. Let
us consider the following U(1) variant example.

Example V.1. Consider two charged fermions of spin
% and charge n = 1 connected by an edge e,

~

92%3”% (he) c”l( )‘9 0)
(5.17)

Since the two particles carry the same charge, a total
electromagnetic charge of 2 quanta is flowing out of the
two fermion system.

The particles 6 carry an intrinsic charge and therefore can
be seen as sources (or sinks for the opposite sign,
respectively) of electromagnetic charge. The U(1) holon-
omies, on the other hand, do not provide a source of charge
because the same amount of electromagnetic charge flows
through every point along the holonomy.

For U(1) invariant states, the U(1) Gauss constraint states
that the overall electromagnetic flux of the quantum state
vanishes. Therefore, there has to be either vacuum or both
positively and negatively charged particles in order to
balance each other. This raises the question of how to
describe antiparticles (i.e., particles of the same type with an
electromagnetic charge of opposite sign) within our theory.

B. Antiparticles

From the classical action, the concept of antiparticles is
not manifest. Indeed, also in flat spacetimes, antiparticles
appear first in the Fourier transform of the quantum fields.
In loop quantum gravity, however, we cannot access this
tool, but may define an analog version of the particle-
antiparticle pair inspired by flat quantum field theory,

(5.18)

(6_ + 7). (5.19)

and similar for w. Here, we defined the creation 9i and
annihilation operators 6" = —i#,_for particles (+) and
antiparticles (—).

The chiral components of the Dirac spinor are both,
creating a particle, but also annihilating an antiparticle if we
are serious about the analogy in flat quantum field theory.
The momenta 7z, and z,,, on the other hand, should also
create an antiparticle in addition to annihilating a particle.
The definitions (5.18) and (5.19) are moreover compatible
with the reality conditions 7, = i#" and impose the new
reality conditions

=0} (5.20)

Another way of recovering particle and antiparticle as Weyl
spinors in the theory is achieved by switching the terms 0
and @ for one of the two Weyl components [42]. This way,
also the electromagnetic charge of one of the chiral
components is flipped. This does not change the
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anticommutation relations and is therefore a freedom of
choice in the quantum theory. Let us finally look at the U(1)
invariant version of example V.1.
Example V.2. Consider the particle-antiparticle pair
connected by an SU(2) and a U(1) holonomy
7y (h)p iy (1) 0210)

=07 s 1y (ho)* g my (he) 62,/0) (5.21)

The antiparticle is depicted by an empty circle. Note that

the former annihilation operator @ does not annihilate the
vacuum anymore, but the operators 61 do. Because of that,

only the creation operators 6. survive when acting on the
vacuum state. Moreover, since we have both a source and a
sink of electromagnetic charge, the U(1) Gauss constraint is
satisfied.

Example V.2 shows that we can define the path observ-
ables creating elements of gauge invariant quantum states
also for SU(2) x U(1) gauge theory. The path observable in
Example V.1 carries a total charge of 2 quanta and thus
cannot be made U(1) invariant without introducing extra
structure. Instead, we would have to add a second pair of
antiparticles, which absorbs the excess charge. This might
look as follows.

Example V.3. Consider a pair of particles and a pair of
antiparticles each connected by an edge with spin % and
charge 1. Furthermore, the two pairs are connected by
another edge, which does not carry any spin but neutralizes
the charge of the two pairs. The pictorial representation reads

(5.22)

Example V.3 can be further generalized using an
arbitrary gauge invariant generalized spin network state
the same way as in the uncharged case. The fact that we
need as many particles as antiparticles (or equivalently
positive and negative charges) is also in agreement with flat
quantum field theory.

VI. SUMMARY AND OUTLOOK

In this work, we have studied various kinematical aspects
of the coupling of quantum matter to loop quantum gravity.

Following [4,5], but using the language of Fock spaces,
we defined the Hilbert space H and basic operators for a
quantum theory of spin % fields, and we generalized it to
higher spin quantum fields in a straightforward way. An
orthonormal basis for the gauge invariant states in 7 can be
found by the generalization of the notion of spin network

states known from matter-free loop quantum gravity. This
generalization contains matter fields which can be located
at the vertices of the underlying spin network graph y.
Inspired by the gauge invariant observables defined by
[1,3], we were able to introduce a closed (anti)commutator
algebra of creation and annihilation operators for gauge
invariant generalized spin network states.

While the Gauss constraint could be directly understood
to ensure the gauge invariance of the states, one has to add a
phase space dependent generator of a gauge transformation
to the diffeomorphism constraint before it generates spatial
deformations without gauge transformations (Appendix A).
We have checked that this is possible at least locally, which is
enough for the further considerations in the present work. It
also fixes the order of implementation of the constraints,
since the action of the diffeomorphism constraint would
generate terms proportional to the Gauss constraint
otherwise.

The implementation of the diffeomorphism constraint on
the space of gauge invariant generalized spin network states
was performed with the group averaging technique in
analogy to the matter-free case [10,18]. We paid special
attention to the interplay between the (anti)symmetrization
imposed on quantum states that are based on graphs with
symmetries by the diffeomorphism constraint on the one
hand, and the (anti)symmetrization of the state due to the
statistics of the matter field on the other. The fact that (anti)
symmetry is imposed in some cases due to the diffeo-
morphism constraint is a novel feature in loop quantum
gravity. In special symmetric cases and by consideration of
particle exchange generated by a graph symmetry, we have
found simple rules that characterize whether a state is
annihilated by the diffeomorphism averaging or not. For
these considerations, we assumed a spin-statistics connec-
tion motivated by the fact that a spin-statistics theorem
exists for quantum field theories on curved spacetime [22].

While we found that it is straightforward to generalize
the quantum kinematics of [4,6] to matter theories with
higher spin, it is an important question whether this
quantum theory can be derived from a classical higher
spin action. These actions contain auxiliary matter fields
which have no physical significance whatsoever as they
vanish on shell. Using this technique, the kinematical
constraints on the classical phase space could be elaborated
and indeed take a similar form as in the lower spin case.

Although we completely discussed the case of spin 0 and
% only, we can conjecture a general behavior by solving the
on-shell conditions for the auxiliary fields in the higher spin
case. However, it is not clear how to consistently solve the
second class constraint with the Lagrange multiplier A, in
order to get from the SO(3, 1) connection @ to an SU(2)
connection A. In addition, in the four-dimensional repre-
sentation of the spin 1 particle we encountered further
second class constraints, since the 0 component of the
momentum z° seems not to be an independent variable. For
the simplified situation of flat spacetime, solving the
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additional constraints yields nonlocal dependencies, and
hence a complicated theory. In any case, this should be
further investigated before tackling even higher spins.

Finally, we briefly considered charged Dirac fermions
coupled to gravity and U(1) Yang-Mills theory, and
rederived earlier results [5,26]. We found a way to represent
both particle and antiparticle on the Fock space. Due to the
requirement of gauge invariance, the creation of particles
goes hand in hand with that of antiparticles. We have
sketched the consequences for the gauge invariant observ-
ables introduced earlier. We note that it would not be easy
to tackle the classical theory of electromagnetically charged
higher spin fields. The problem here is that it is not clear
whether the vanishing conditions for the auxiliary fields
still hold. There is already existing work on a Lagrangian
formulation of higher spin theories including an electro-
magnetic field [24,33], which might be used to extend the
available theory to gravitationally and electromagnetically
interacting theories.

Altogether we found that there is a very simple and
elegant kinematics for coupling quantum matter of arbitrary
spin to loop quantum gravity. Implementation of the Gauss
constraint leads to a tight coupling between matter and
gravity already at the kinematical level, and the diffeo-
morphism constraint imposes interesting symmetry proper-
ties on the joint quantum states in certain situations. But
obviously there are still many open problems on this path to
a unified theory of matter and gravity.
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APPENDIX A: THE GENERATOR OF PURELY
SPATIAL TRANSFORMATIONS

From the combined action of Holst gravity [43] with
Dirac fermions we can read off the smeared diffeomor-
phism constraint [5],

V(N) = / dx*NeV,
p

1 .
= / AN <—Ef?Flab
> K

+ LD e+ D - )) (A1)

where £ and p are left- and right-handed half-density
spinors in the Weyl representation as defined in [4] and
D is the SU(2) covariant derivative. However, following the
standard discussions of the vacuum theory [15,18], we do
not stick to (Al) as a diffeomorphism constraint. We will
rather add a term proportional to the Gauss constraint, with
which we might define a new constraint within the same
constraint algebra. Using integration by parts and vanishing
boundary conditions, we find the following form of the new
constraint:

W(N) = L dx3(N*V, — N°ALG;)
= / dx? (Ef.‘(aaNbA;', + N?9,AYL)
z

+ éN“(fo)aéj +p"0,p — c.c.)) . (A2)

The constraint W(N) is what is often called the diffeo-
morphism constraint in the literature [15,44,45]. The reason
for this name becomes apparent when calculating the action
of (A2) on the phase space variables. Furthermore, it is

—

important to note that the constraint W(N) is dependent
on a section in the principal fiber bundle, which is in
general only defined locally. Hence, we cannot subtract the
terms encoding the gauge transformations for any diffeo-
morphism but only on those with a support in an open
neighborhood around a given point.” The Poisson brackets
of the constraint with respect to the phase space coordinates
(E¢. & p, AL ip?) read

{W(N), E¢} = N*8,E* — 9,N“E? + 0,N"E¢

= ("LgE). (A3)
{W(N),AL} = 9,NPAL + NP9, AL
= (PLFA)!, (A4)
[WN).€) = ND,E + 50N
= "Lye. (A3)
(W), i) = ND,(i€") + 5 0N“(E")
— L g, (A6)

and analogously for p and p*. The right-hand sides of (A3)—
(A6) describe the infinitesimal action of a finite spatial
diffeomorphism, which is in particular the flow of the

vector field N. This is why we call the right-hand sides of
(A3)-(A6) the Lie derivative [6,15]. The Lie derivative has

As a matter of fact, this might yield nontrivial effects
depending on the topology of X.
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been chosen to act trivially in the local trivialization chosen
for the connection and the fields as E in associated bundles.

-

In the chosen trivializations, the constraint W(N) thus
“ignores” the internal structure of the phase space variables
completely.

-

For the original vector constraint V(N) we find the
following Poisson relations:

{(V(N), E¢} = PLGES + ¢,*N" A} E{ — N“G,

= ENE? - NG, (A7)
{V(N), AL} = ®LgAL + D, (N"A})
= LAl (A8)
{V(N),&} = PLyE + NP A z,¢
= L, (A9)
{V(N),ig"} = Ly (i) + NP Az, (i&")
= Ly (ie"). (A10)

We see that V(N) gives the desired Poisson relations which
are gauge covariant Lie derivatives of the canonical
variables except in (A7). Here, we have a term left which
is proportional to the Gauss constraint. From a classical
point of view, at least all the phase space variables which lie

on the constraint hypersurface are transformed by V(ﬁ ) as
expected for a gauge covariant diffeomorphism. If we
consider the complete phase space a priori, then we will
see that EY is transformed as a spacetime vector density and
a gauge covector plus a term which is proportional to its
covariant divergence.

We conclude by pointing out the difference of the actions

-

of the spatial diffeomorphism constraint W(N) and the

-

gauge covariant diffeomorphism constraint V(N). While

W(N) generates the action (via pullback) of diffeomor-
phisms of X on phase space functions [see (A3)-(A6)], the

action of V(K/ ) is more subtle and involves changes in the
internal space. In particular, since it is gauge invariant in
itself, its action on holonomies cannot change the position
of their end points. Rather it will generate diffeomorphisms
that leave these end points fixed. Since the constraints
V(K’ ) and W(K’ ) only differ by a term proportional to G;,
they generate the same closed constraint algebra. This
becomes apparent when looking at the Poisson relations

-

involving G(A) and W(N), for instance,

{G(A).G(N)} = G([A. A]), (Al1)
{G(A). W(N)} = =G(PLzA), (A12)
{W(N).W(M))} = W([N. M)). (A13)

The Poisson brackets involving G(A) and V(N) are also
closed.® These take the same form as in matter-free loop
quantum gravity [39,46]. Therefore, in the quantum theory
we will implement the symmetry group Diff (M) consisting
of spatial diffeomorphisms only.

APPENDIX B: DIFFEOMORPHISM SYMMETRIC
GENERAL SPIN NETWORK STATES WITH
GRAPH SYMMETRY

In this Appendix, we want to study the behavior of
generic spin network states which admit two particles and a
graph symmetry which exchanges the particles. The exam-
ple of Sec. III B can be generalized by coupling the two
spin % holonomies to spin 1 and by closing the graph gauge
invariantly. We get

\Ilsymm,l = 9?€AB7T% (hel )BC(gr)i cbx

X 7 (heo)®peprt F'

where (o,); are the Pauli matrices, which couple ; ® 1 ® 1
at r € ¥, and F' denotes an arbitrary spin network graph,
which couples the rest gauge invariantly, and is invariant
with respect to a diffeomorphism ¢;, which rotates p to ¢
and h, to h, and vice versa. This state is the loop
quantum gravity analog of the triplet state in flat quantum
field theory [47]. If we act with the graph symmetry ¢, we
get

0¢lpsymm,l = %gAB”%(hez)BC(Ur)'CD

1

X ﬂ%(hel)EDeEFegFi

= _‘ysymm,l s

where we used the antisymmetry of the two Levi-Civita
symbols €, and the symmetry of 648 and anticommuted
the two fermions. We deduce that this state will not
survive the group averaging procedure, if we stick to the
spin-statistics connection. If there is a triplet state in loop
quantum gravity, it better not have a graph symmetry as
described above.

From the previous calculations, it becomes clear that
given a spin network graph which has a suitable graph
symmetry the resulting sign is determined by the edge or
vertex, respectively, which intersects the symmetry axis.

We also stay with a closed Poisson algebra when taking into
consideration the Hamilton constraint H(N).
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Let us sketch the most general such spin network graph
including two particles

n . In—1

general — * \< Val /';e *
n

el

v

(B2)

The graph symmetry ¢general Will exchange the two particles
and map the edge ¢, to e,_;, | and vice versa as well as the
points where the intertwiner ¢; lies to 7,_; and vice versa. In
principle, there is also the possibility that e; is mapped to
e;!, (and vice versa) for some i. This case is present when
the direction of these edges is flipped by ¢geperal, Which can,
however, be transformed to the previous case by inserting
two intertwiners i,

7j(he) s = (=1)Yuger; (hg")C piPA,

The sign of (B3) appears twice as long as e,_; # ¢; and
similar for the contribution of the intertwiner. Therefore,
the only contribution to the sign may arise from the object
attached to the center of the graph. If n is odd, (28}

(B3)

determines whether the state will survive the group aver-
aging, whereas for n even, & determines whether the state

will survive the group averaging.

Let us discuss the case for odd # first. With (B3), we can
prepare the state such that we only have to consider how to
resolve ens1 = 6"_—;11' By preparing the direction of the edges

symmetrically around ent, there has to be one nontrivial 2-

valent intertwiner 1 45, which takes care of the direction of
the edges, at the beginning- or at the endpoint, but not at
both points of the holonomy z;(#,, ). For instance, the

2
edges €nt, ens1 and e.:s may take the form
2 2

which needs an intertwiner 1 4 at the left vertex but none at

the right one. Alternatively, one can invert the directions of
ent and ens and get an intertwiner 8 at the right vertex.

(B4)

The same argument holds for every other edge, too. We can
use (B3) again, to reformulate

Jn

c c
-1

LACTE (heu) B> LACT <hen_+]) B

2 2

= (=1)1gen; <hen_;])cA. (B5)

Unfortunately, we cannot control what spin couples to the
many intertwiners in between the two particles. Hence, the
spin j of the holonomy lying in the center and the correspond-
ing arising sign is not determined by the spin of the particles 6.
That way, the spin of the holonomy intersecting the symmetry
axis of Pgeneral has to be of the same type (half-integral or
integral) as the spin of the particles 6.

If we have an intertwiner intersecting the symmetry axis,
the result is even more subtle. Let us sketch the most
general such intertwiner

j _ j

where we depicted the rotation symmetry axis by a dashed
blue line. As we can see, holonomies which lie on the
opposite of the symmetry axis must carry the same spin.
Apart from that, holonomies might also lie on the sym-
metry axis. Their spin is arbitrary and does not underlie
symmetry constraints, since they are invariant under
@ general- Let the intertwiner (B6) be of the form
1 ®J1®  ® ju ®jn ® jup1 ®Jnya >0, (B7)
where the spins ji,...,j, appear double for they are
corresponding to the holonomies with reflections, whereas
Jnue1 and j, ., represent the holonomies which lie on the
symmetry axis and hence appear only once. Without loss of
generality, we can ignore j,,; and j,,, in the following
considerations, as they do not contribute to a possibly
resulting sign. We can now expand the intertwiner Iz into a
linear combination of intertwiners of 3-valent vertices,
where we can freely choose the coupling scheme [48].
Consider the following expansion:

...... {f!......

Jn kl N ll’
' IZE{O,vzjl}
€ span 6 i o+ With ki€ {|lli—ki_y|,....li + ki } [ (B8)
[ Y— 1 kn_l = ln
2
ki J2
—@

J1
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where the black dashed lines depict SU(2) representations
without simultaneously describing a parallel transport in X;
i.e., its beginning and end points coincide. Note that the
spin quantum numbers [y, ..., [, as well as the &, ..., k,_;
are always integers. The intertwiners of the 3-valent
vertices represent the building blocks of (B8) and are
described by the Wigner 3 j-symbols [48,49], which satisfy
a number of symmetry identities, in particular

. . I ' . . I
(2 )= () e
myp mp  ms my m; 3

This means that under the exchange of two identical spins
under @genera, We gather a sign from the ith branch if 2j;
and /; are not both odd or both even. Consequently, all the
contributions are multiplied. Obviously, this is again not a
very strong statement, as we can produce arbitrary signs
within the span of (BS).

This indefiniteness can be illustrated with the following
example:

1
2

.............. @
% kl :ll,
n L with [; € {0, 1}, (B10)
[ p— k2 =1
b
I %
L

[STE

withn =3 and j, = j, = jz = %, which is the case of a 6-
valent vertex with six spin % holonomies. It holds that 2j;, =
1 forall i = 1,2, 3. Hence, the sign depends on the choice
of the /;. However, we can choose /; = [, =[5 = 1 on the
one hand, and /; = [, =1, I3 = 0 on the other hand. The
first intertwiner will not gather a phase when applying
U Penera® whereas the second intertwiner gathers a sign —1
when doing so.

Given a generic spin network state such as (B2) and an
intertwiner intersecting the symmetry axis together with its
expansion into the basis (B8), we can tell from the statistics
of the particles # which components will survive or vanish
after group averaging. Specifically, fermions will let those
components survive which gather a total minus sign and
bosons will let those components survive which are
invariant under the diffeomorphism @gepera-

If we would extend the group of diffeomorphisms to
include also diffeomorphisms which are smooth except at a
finite number of points suggested by [19], the group of
graph symmetries of the spin network state (B10) is also
significantly extended. It is possible to exchange any two of
the edges at the vertex (B10), for instance. However, this

would generate both signs for /; =/, =1 and /3 = 0; i.e.,
the state does not survive the group averaging irrespective
of the statistics of the matter fields. Apparently, this
extended diffeomorphism group defines another theory
and makes clear that the initial choice of the symmetry
group is crucial for the analysis of the kinematical
Hilbert space.

APPENDIX C: AN ALTERNATIVE
SPIN 1 ACTION

In Sec. IV B, we discuss a spin 1 particle described by a
tensor with an SU(2) structure ¢;. If we were to consider a
U(1) Yang-Mills theory’ instead, we might identify the
connection 1-form A, with ¢ in the following way:

Aﬂ = e;ltd)l . (Cl)
This transformation does not describe a symplectomor-
phism, since the symplectic structure is not conserved,
E”Au = e’;”’(éiﬁbj + 6,54)1) = ﬂlﬁbl + el;éﬁ”’f/)h (C2)
where 7! denotes the conjugate momentum to ¢b; and E* the
conjugate momentum to A,. The first term in (C2) is the
desired one, but the second one is odd. Note that in flat
spacetime where we require e,’l = 5,1,, the transformation is
indeed a symplectomorphism. In (C2) we used the identity

L L 94
_oL_ 9 %:ﬂle’;. (C3)

Eﬂ e — . 0

~ 0A, 0¢,0A,
This brings us to the conclusion that the two theories to
describe a spin 1 field are not equivalent. Since the Yang-
Mills connection A, does not admit an SU(2) structure,
there is no interaction term including A and w, albeit it is
there for the action for the spin 1 field ¢b. The matter field A

hence decouples from the SU(2) holonomies, which appear
in matter-free loop quantum gravity.

APPENDIX D: CONSTRAINTS OF THE
SPIN 1 ACTION

The action (4.20) resembles very much the Klein-
Gordon action but now includes a nontrivial SU(2) inter-
action. We want to mention some technical details and
hurdles which arise when studying the classical constraints.
As in the matter-free theory, @y still has to be reformulated
to yield the Lagrange multiplier for the Gauss constraint.
The conjugate momentum z reads

"The theory is, however, not U(1) invariant, since we include a
mass term.
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o = \/det(q) (% Vo~ V! + nO’VK¢K) RGN

We can read off that z° is independent of the time derivative
of ¢ since the first term and part of the third term in (D1)
cancel. We get

¥ = —\/det(q)esV, ¢’

As a consequence, we get an additional constraint,

(D2)

f(X) :=£d3fo:éd3xX(ﬂo—|— det(q)etV, '),
(D3)

which we have to add to the action (4.24). X here acts as the
Lagrange multiplier. As we can see, the term V!¢, - f
already appears in the Hamilton constraint and can there-
fore be left out when doing the constraint analysis. For this,
we would have to calculate the Poisson brackets of f(X)
with the other constraints to identify possible secondary
constraints.®

At last, we express the spin connection @ by the
Ashtekar connection A. In the matter-free theory, the spin
connection can be written in terms of two variables,
|

4 | .
wf =5 (A = AL, (D4)
v
: ; . .
eljko’ =5 (A + AL, (Ds)

where A, is the Ashtekar connection and ~A, is non-
dynamical [43]. Next to the lapse function and the
shift vector field, we hence also have the Lagrange multi-
pliers a)gi , a)ék, and ~A,. In the vacuum theory, hence, the
following constraints:

oL

oL
—— =0,
0(wp)

Al

=0, (D6)
hold and yield the well-known Gauss constraint next
to defining relations for the Lagrange multiplier a)gi =
oY (A,T,N,N%) and the connection I'; =T%(E) such
that
) 2
“AL=A, —-T". (D7)
14
If we include the spin 1 field, however, we get the
constraints

OL r+1 2 —
— = —0,E% — e ,E¢ - AL - Al 2¢omy = 0, D8
a(wgl) ally — €7y k< 2]/ a 2y a T ¢[07T1] ( )
=€ 4 OE¢ — EVA + 27 = 0, D9
8( (])k) 2 Jjk [j7%K] ( )
OL rr+1 wom TP S
a(_AZ) = — 27/ €kimEkw8 + ) € b ebmed“]Nd(A{- + A{)
2 2
AL e sl ' -
—2—7/6 b ab(NeC,-) + 2}/2 € b eijkNe{)(A}CC - AIC{>
+ Na(zeijk¢j”k - 2¢[0”i]) - qabN(eijk¢jvb¢k - ¢[ovb¢i])
. . 1 ‘ )
—ej (e V' + 51 V'py) — Eeﬁ" (€% Voo + 8]y Voibo)
+ moefly (e by + 8lpyy) = 0. (D10)

It becomes apparent that the split of the indices of the spin connection w, into 0 and i makes it troublesome to recover the
desired information from (D8)—(D10). When including the spin 1 field, we only get a contribution of the j component of the
matter field. The O component, on the other hand, does not appear in the Gauss constraint but rather in the defining relations
for I' and @)’ if we follow the same steps as in the matter-free case.

¥The constraint analysis for a spin 1 particle in flat spacetime yields a secondary constraint g(¥) = Js BxY(0;n' — (8,0 — m*)gpy).
Its Poisson bracket with f(X) is constant, so f(X) and g(Y) form a second class pair. The constraint algebra is closed, but the variables
7% and ¢, are determined by the solution of f and g, namely 7z° = —0;¢' and ¢y = —(9,0° — m*)~'19,x'. ¢, hence is nonlocal.
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