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In A. Henderson, A. Laddha, and C. Tomlin, preceding article, [Phys. Rev. D 88, 044028 (2013)], we initiated
an approach towards quantizing the Hamiltonian constraint in loop quantum gravity by requiring that it generates
an anomaly-free representation of constraint algebra of -shell. We investigated this issue in the case of a toy model

of a (2 + 1)-dimensional U(1)? gauge theory, which can be thought of as a weak coupling limit of Euclidean
three-dimensional gravity. However, in paper I, we only focused on the most nontrivial part of the constraint
algebra that involves the commutator of two Hamiltonian constraints. In this paper we continue with our analysis
and obtain a representation of full constraint algebra in a loop quantized framework. We show that there is a
representation of the diffeomorphism group with respect to which the Hamiltonian constraint quantized in paper I

is diffeomorphism covariant. Our work can be thought of as a potential first step towards resolving some
longstanding issues with the Hamiltonian constraint in canonical loop quantum gravity.
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L. INTRODUCTION

A satisfactory definition of Hamiltonian constraint in loop
quantum gravity (LQG) [1] remains an open problem. Despite
remarkable progress made in the seminal work of Thiemann
([2-4]), it is clear that the current quantization is not satisfac-
tory due to three interrelated issues: (1) Enormous ambiguity
in the definition of the continuum Hamiltonian constraint,
(2) the absence of a representation of quantum dirac algebra
(referred to as the off-shell closure in [5]), and (3) when the
constraint is used in a symmetry reduced sector of loop
quantum cosmology, the low energy limit of the theory turns
out to be incorrect [6]. Progress in obtaining a satisfactory
definition of quantum dynamics in canonical LQG can be
achieved by analyzing and overcoming the first two obstacles
by taking hints from toy models like loop quantum cosmology.

In [7,8] a new approach was initiated to quantize the
Hamiltonian constraint in LQG. This approach is based on
the lessons learned in [6,9—11]. The idea in [7] was to look
for higher density constraints whose action at finite trian-
gulation was based upon the geometric action of the clas-
sical constraints on phase space fields. The continuum limit
of finite triangulation constraint is taken not on FH ;, but
on certain distributional subspaces known as habitats [12].
Instead of working with full LQG, in [7] we considered a
simple toy model of (2 + 1)-dimensional' U(1)* gauge

' As we insisted in [7] and would like to remind the reader again
here, although the model we consideris (2 + 1)-dimensional theory,
our analysis to a large extent is independent of dimensionality and
we believe it goes through rather straightforwardly in 3 + 1 dimen-
sions. Infact as we argued in [7], some of the technicalities which are
present in two spatial dimensions will be absent in three dimensions,
thus simplifying the analysis. This should not be too surprising as
off-shell closure of Dirac algebra probes the local structure of field
theory, even when the theory is topological on shell.
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theory which can be thought of as a weak coupling limit
of Euclidean canonical gravity [13]. In [7] we showed that
there exists quantization of (density weight %) Hamiltonian
constraint which satisfied

[AIN], AIM]] = Hyglq "(NVM — MVN)]. (1)

In this paper we continue the analysis of obtaining a
representation of the constraint algebra in the loop quan-
tized U(1)? gauge theory. Our goal is to obtain a represen-
tation of the “Dirac algebra” in the following sense”:

0(¢1)U(¢2) = U(¢1 ° ¢2), 2)
U(¢)'HIN1U(¢) = H[¢*N], 3)
[AIN], AM]] = inD[ &) (4)

In this paper we focus on the (spatial) diffeomorphism
covariance of the Hamiltonian constraint. That is, we
want to see if there exists a representation of Diff(X) on
Vi such that (3) is represented without anomaly.
Right at the outset, it appears that the answer will be in
the negative, due to background structure which is required
to define the quantum Hamiltonian constraint in [7].
Diffeomorphism noncovariance of the quantum shift:
The action of the (finite-triangulation) Hamiltonian con-
straint on a charge network c results in a deformation of the
underlying graph y(c) in a neighborhood of vertices of
v(c) in the direction of vectors which are themselves

The quotation marks indicate that strictly speaking we are not
working with the algebra of constraints but with the crossed
product generated by the Hamiltonian constraint and finite
diffeomorphisms.
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defined using data from c. Given a charge network state |c)
and its vertex set V(c), the (regularized) expectation value
(clE¢g~"*(v)|.|c) at any vertex v € V(c) plays the role of
this vector, and was referred to as the quantum
shift in [7]. The subscript € indicates that the operator
implicitly depends on regulating structures which are
parametrized by €. As we show below, due to the regu-
larization dependence of the quantum shift vector, it turns
out that, given a state |¢ - ¢) (the diffeomorphic image of ¢
under ¢), the quantum shift (¢ - c|E¢g~"*(¢pv)| | ¢ - c)
defined at ¢(v) € V(¢ - ¢) is not the pushforward (via ¢)
of {(c|E¢g~"*(v)|.|c). This is the first obstruction
which, unless addressed, will ensure that the Hamiltonian
constraint operator will not commute with finite
diffeomorphisms.

Noncovariant nature of extraordinary (EO) vertices.—
The key feature of the Hamiltonian constraint’s action
on kinematical states® is the creation of so-called extraor-
dinary (EO) vertices. Essentially the idea is the following:
Starting with any charge network ¢, around each of its
nondegenerate vertices [vertices at which not all edges
emanating from it are charged only in one copy of U(1)],
we fix, once and for all, a coordinate ball B(v, €) of radius €
and consider a sequence of finite-triangulation Hamiltonian
constraint operators I-AIT((S)[N] with 8 = §y(€), where § is
associated to a coordinate size of simplices in T and 8 (€)
ensures that these in the neighborhood of a vertex v, sim-
plices lie within B(v, €). The action of I:IT(,S)[N] on |c)
creates a linear combination of charge network states,
each of which has an EO vertex sitting inside B(v, €).
These EO vertices have several distinguishing properties:

(1) They are necessarily zero volume.

(2) By construction they are inside B(v, €) with v being
some nondegenerate and have a “nonzero volume®*”
vertex.

(3) Their ““location” (with respect to the fixed coordi-
nate chart around v) is state dependent and dictated
by the so-called quantum shift.

(4) Given any charge network ¢’ with a vertex v sat-
isfying the above three properties, one can always
find charge network ¢ with a vertex v such that the
action of A 7(5)(v) results in a linear combination of
charge network states including |c’).

3By this we mean the Hamiltonian constraint operator at finite
triangulation which is densely defined on JH y,.

“In the U(1)? theory in 2 + 1 dimensions, the notion of
degenerate vertex and zero-volume vertex are not equivalent.
As we have defined above, a degenerate vertex is the one on
which all incident edges are charged only in one copy of U(1).
All such degenerate vertices are necessarily zero volume; how-
ever, one could easily have a zero volume vertex which was not
degenerate. The Hamiltonian constraint action on a charge net-
work generically created vertices which are degenerate, but in
some special cases it creates vertices which are zero volume but
nondegenerate. We labeled them type-B EO vertices in [7].
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Although the EO vertices are zero volume, the action of
the Hamiltonian constraint on such vertices is required to
be nontrivial and have a specific form in order to obtain an
anomaly-free commutator of two continuum Hamiltonian
constraints (for more details we urge the reader to consult
[7]). The definition of an EO vertex relies on the vertices
lying inside certain prescribed coordinate neighborhoods
of nondegenerate vertices. Whence under an arbitrary
diffeomorphism, an EO vertex could be dragged outside
the the prescribed neighborhood and would no longer be
classified as an EO vertex by our prescription. This means
that the action of a Hamiltonian constraint on a state will
not commute with the action of diffeomorphisms.

Nontrivial density weight of the lapse.—As the
Hamiltonian constraint H(x) is a scalar density of weight
% , the lapse function is a scalar density of weight — %Whence
evaluation of lapse at a given point requires an explicit
specification of coordinate chart in the neighborhood of
the point. Whence the pullback of a lapse by a diffeomor-
phism which occurs in H[¢*N] involves Jacobian factor
between various coordinate charts and it is not clear how
such factors could arise in U(¢p)H[N]U(¢~"). This is yet
another potential source of diffeomorphism noncovariance
of the Hamiltonian constraint.

In this paper we show that, despite the apparent back-
ground dependence of the quantum Hamiltonian con-
straint, we obtain an anomaly-free representation of the
Dirac algebra on V| by defining a new representation of
the diffeomorphism group on H ;, (and whence by dual
action on Vi) such that the continuum Hamiltonian
constraint turns out to be diffeomorphism covariant.

The purpose of requiring the Hamiltonian constraint to
be diffeomorphism covariant is twofold [2]. On the one
hand, this ensures that the quantum constraint algebra is
first class, and perhaps equally importantly, the vast
amount of ambiguity which persists in the continuum
quantum constraint can be reduced by requiring diffeo-
morphism covariance. This has been explicitly demon-
strated in [2] and as we see below, it remains true even in
our approach.

This paper is organized as follows. In Sec. II we recall
key ideas and results from [7]. That section merely serves
to summarize contents of [7] and we do not claim it to be a
sufficient prerequisite for understanding all the details in
the subsequent sections. We urge the interested reader to
consult [7] for a more detailed understanding of the struc-
tures involved. In Sec. III we do a sample computation
where we take the standard representation of the diffeo-
morphism group on F ;, and obtain, via dual action, a
conjugate representation on V. We then check if the
Hamiltonian constraint operator H[N] is covariant under
this representation of the diffeomorphism group. As
expected, H[N] is not covariant and the analysis reveals
precisely where the issues mentioned above show up in the
computation. In Sec. IV, we define a new representation of
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diff(2) on V| which essentially ensures that various
structures required to define the Hamiltonian constraint
operator at finite triangulation behave covariantly with
respect to this representation. In Sec. V, which is the
main section of the paper, we prove the diffeomorphism-
covariance of the continuum Hamiltonian constraint on
V- Together with [7], the results of this section estab-
lish a representation of the Dirac algebra for the U(1)?
gauge theory. In Sec. VI we perform a heuristic check on
the validity of the new representation of Diff(2) on V|
by computing a subset of physical states that capture the
topological sector in the quantum theory and argue that
the final answer we obtain is the expected one in the sense
that we would have arrived at the same answer had we
worked with the representation of Diff (%) commonly used
in LQG.

We end with conclusions where we highlight the
unsatisfactory aspects of our work, which is the use of
several auxiliary structures, and make some remarks
pertaining to the generalization of our work for
Euclidean LQG.

II. SUMMARY OF [7] AND SOME
NOTATIONAL CHANGES

In this section, we briefly recap the relevant results
and notation of [7], where more details can be found
when desired. There, a proposal was made for a finite-
triangulation Hamiltonian constraint operator I:IT(,S) on
the vector space D spanned by charge networks ¢ =
(cy, €2, ¢3) (whose completion is the kinematical Hilbert
space H \;, of the theory) and its continuum limit (§ — 0)
was evaluated on a vector space Vjyy C D* of distribu-
tions spanned by objects of the type

f(l) .
(\P[C]ml T z

(¢}, ¢2.¢3)Elc])

FOW(h U Uey))el, e, asl.

(&)

Here fU): SVl - C is a smooth function that is
symmetric in its arguments,” and the set of arguments
V(ch UcyUcy) is a set of vertices [with the same cardi-
nality as the vertex set V(c) of c] in which any WEO pairs
(recalled below) of vertices are replaced by the single
WEO vertex of the pair. In this work we will omit the
parentheses around the U(1); labels to slightly simplify the

notation; i.e., these states will be written \I’[fc]

[c]i=1) is a set of charge networks containing a ““parent”’
¢ =(cy, ¢y c3), as well all other charge networks
(¢}, €3, €3) in which ¢,, ¢3 are unaltered, but ¢| # ¢, and
the nonequality is of a special type, namely, each

SThis assumption was not made in [7]; however, it is invoked
here in the interest of pedagogy. The analysis given in the paper
can be easily seen to hold when we relax this assumption.
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(¢}, c2, c3) has at least one vertex which is “weakly
extraordinary (WEQO) of type i = 1 with respect to c.
We digress briefly to explain the notion of extraordinary
and weakly extraordinary vertices.

Roughly speaking, extraordinary vertices of a charge
network ¢’ are those produced by the action of a finite-
triangulation Hamiltonian constraint operator on a charge
network ¢, and WEO vertices are EO vertices which have
additionally been moved by diffeomorphisms which are
the identity on c. Given a charge network and the associ-
ated coordinate charts based at its vertices, there is a list of
criteria (found in [7]) which determines whether a vertex is
WEO, EO, or neither. This is largely a topological and
charge label-dependent classification, and given an arbi-
trary charge network ¢ with WEO vertices, it is possible to
reconstruct a unique WEO vertex-free charge network ¢.
This comes about as follows. As shown in Appendix B of
[71, any WEO vertex v in a charge network c is uniquely
associated to a vertex v € V(c). Furthermore all the
(maximal analytic extension of) edges beginning at vf
terminate in a three-valent vertex. By erasing each of these
edges and adding the corresponding charge to the edge
between the above mentioned three-valent vertex and v
one reconstructs a WEO vertex-free charge network that
we will denote by ¢ throughout this paper.

If the classification scheme determines that a given
vertex vF is EO, then it is uniquely associated to another
vertex v, namely, that vertex at which a finite-triangulation
Hamiltonian-type operator has acted to produce the pair
(v, vF). It is helpful to keep in mind a picture of the action
of an operator of the type £¢F ihﬁi for some fixed i # j #
k at a vertex v of some charge network c. In [7] we have
constructed such operators via a ‘“loop assignment
scheme” where, roughly speaking, E¢ gives the direction
and magnitude of one leg of the loops, F 1, determines that
the charge on the attached loops is only nonzero in U(1);,
and E? determines the magnitude of those U(1) ; charges
via the U(1); charges on edges of the underlying state. EO
vertices are common apex points of the (charged) loop
collections, and hence come in several flavors, and it is
necessary in what follows to respect their distinction. To
this end, we introduce some additional notation.

Each vF is first classified as type A or type B; type A EO
vertices lie off of the original graph ¢, and type B vertices
lie on c. This distinction is not important below, so we omit
this information from our notation, and focus the discus-
sion on type A EO vertices vE. Let vE(j, k) denote an EO
vertex from which all outgoing edges are charged in
u(1) j,G with the magnitude of those charges being deter-
mined by the U(1), charges in the underlying charge net-
work. The subscript 8 denotes that vE(j, k) is located a
coordinate distance 8|(£¢)| (with respect to the coordinate

®In [7], we denoted this vertex as vE(M, k).
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system based at the vertex v of the underlying charge
network) from v in the direction of (E¢). By the classifi-
cation scheme detailed in [7], the pair (v, v§(j, k) is
unique, and we term it an extraordinary pair.

Weakly extraordinary vertices are again detectable via
the classification scheme, and are generated from EO
vertices by applying diffeomorphisms (which do not
move the underlying state) to states containing EO pairs.
That is, these diffeomorphisms only move the loop collec-
tions produced by Hamiltonian-type actions.

In [7], the calculation of the continuum limit action
H W[y, (in this work we drop the prime on H as an operator
on Vi y) was performed by first writing the Hamiltonian
as a sum H =Y ,H', where i labels the U(1) index
appearing on the curvature F',, and considering the
various actions I:Ii\lf[c]j for each i, j. The result is as
follows: Given a density weight —% lapse function N, it
was found that

1 1,1 1,1
Al = 3 (v -vin™) o

[c]y [c]i
vEV(c)

where f,lj’é[N] is a (generally discontinuous) function
which agrees with f! at almost all points of 3!V except
when its argument is V(c¢] Ucy Uc;) for some
(¢}, €2, ¢3) E[c];, and v € V(c| U ¢y U ¢3), in which
case it takes the value

FoaNIV(cf Uy U ey))

" . d -
= Nw)AGEg) > n%e“(o)wfl(u, V(ciUcyUcs)
elb(e)=v

—{v)), @)

where ¢(0) is the vector tangent to edge e at v = b(e), and
is assumed to be of unit length in a prescribed coordinate
system.

In [7] this function was called fﬁ,l)(l), where the second
superscripted (1) refers to the action of H', and the bar to
the fact that the directional derivative is along (£4(v)),
[as opposed to along {(£5(v))., which in [7] was denoted by
a double bar]. The expressions for H*W¥[.} and H> V¥, can
be obtained by cyclic permutation of the indices in the
above equations.

The action of the mixed-index cases were found to be of
the form

Ao o FUAINT o FUAIN]
N, = > (‘I’[c]l Vg ) ®
vEV(c)

where again, the functions fi’,zl [N], f L%[N] agree with f! at
all values of SV except when those arguments coincide
with V(c] Uc, Ucz) with v € V(c), and there is an EO
vertex vE(1, 2) € supp(N) associated with v, in which case
we have
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FRINIV(l U e, Ues)) = [ 5

eE€E(c)|b(e)=v
X fiV(cfUcyUcs),  (9a)
IE A CITATEES B )
e€E(c)|b(e)=v
X fAV(cf]UcyUcs).  (9b)

n;ea(O)aaN(v)]
ngéa(O)aaN(v)]

Recall that n! are charges on the edge e € E(c) in U(1),.
Similarly,

PN — fialN] _ i)
HINT¥,, = Z( )(‘I’[c]1 Vi (10)
veV(c

with [under analogous conditions as stated above, with
vE(1, 2) replaced with vE(1, 3)]

FEINIV(eh U, Ues)) = [ 5

e (0)a,N () |
e€E(c)|b(e)=v

X fI(V(cjUcyUcy)). (11a)
SNV ueave)=[ T ale0aNw]
e€E(c)|b(e)=v
X fAV(cfUcyUcs)). (11b)

The expressions for the remaining FI"[N]‘I’{CJ]Y are cyclic
J

permutations of these. Given these preliminaries, we now
embark on a first attempt (and failure) to arrive at a state-
ment of diffeomorphism covariance of this Hamiltonian.

III. NAIVE ATTEMPT

We now quantify the worries laid out in the Introduction
regarding why, using the usual representation of the group
of semianalytic diffeomorphisms (denoted in this paper
by diff(3)) that is used in loop quantum gravity, the
Hamiltonian constraint constructed in [7] is not diffeomor-
phism covariant. More in detail, in this section we ask the
following question. Consider a representation of Diff(X)
on Vi, induced via dual action:

(O() Wl ) = WL (O(@)le)),  (12)

where the right-hand side of the above equation is given by
using the “natural” unitary representation of Diff(3) on

H i [14]. We now ask if U(d))’I:I/[N]U(d))*“‘I’f;]_ equals
I:Ij[¢*N]\If{E[]' for all i, j. As we will see, the answer is no,

and the reasons are precisely those which were given in the
Introduction.

Readers who are convinced by the arguments given in
the Introduction can safely skip this section. However
those who wish to follow details in the subsequent sections
might find it helpful to peruse the computations done here.
Without loss of generality, we restrict attention to i = 1
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and check the diffeomorphism covariance of A’~"2[N]in

the domain defined by ‘I"[f;]].

A. Checking dlffeomorphlsm covariance
of H'[N] on \If[c]

Given any charge network state |c,) we would like to
see if

(O AINIO(@) L e
(Hl[d’ N]\P[C] (e, (13)

where U(¢)' denotes the natural representation of Diff(3)
on Vi obtained by dualizing the action of Diff(%) on
H ;. We can deduce this representation as follows:

(O() Tl )1y == ¥l (1 - )
= 3 V)840
<elel,
= (W55 )0, (14)
where
@[l ={d - (¢}, &, E)l(c), &y, E3) € [Eli} = [ - ¢
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Whence, the natural representation of Diff(2) on V| is
given by

_\I,f°¢

U() v, o (16)

Let us first evaluate the left-hand side (LHS) of (13),

s = (0(¢YA'INIO ()W, Ylea))
(A'INIO($) Wl Y - ca))
(A'INTWL o8 N - ca)

DN (fod ™M, 15N
[‘I’W ] s — ‘I’[¢ 2] o :|(|¢ “ca)),

7

where, in the final line we have assumed (without loss of
generality) that the only vertex in V(¢ - &) which lies in the
support of N is ¢(vy) with vy € V(¢). The resulting vertex

functions (f o ¢~ 1)¢(v 12[N] and (f o ¢71)1b,(1v0),3[N] are

(15) given by
|
(Fod-Hl [N]= (f' o o™ H(V(), if ¢-vgE V() as)
$(10)2 GG IN(Bwe))VE(h(09)) 02 (F1 0 ¢~ ) (b (wy), V(') —{(wo)}), otherwise.
(f o p~HL! v )3[N] is defined similarly with V§ replaced by V¥.
Whence, assuming ¢ - c, € [¢ - ¢];, we have
_ l if ¢(vy) E V(e - cy) (19)
N(p (o)) V5 (d(vg)) — V?(Cﬁ(vo))]af(w)(fl o ¢ N)(P(vy), V(g - &) —{d(vo)}) if Pp(vy) € V(- cp)
and if ¢ - ¢4, & [@ - &],, we have
LHS =0. (20)
On the other hand, the right hand side (RHS) of (13) is given by
RHS = (H'[¢"NY \If ia)lea) = [ [C"i”w M v “O‘M N]]|CA>, (21)

where, following the assumption regarding the support of the lapse with respect to the vertex set of ¢ - ¢, it is clear that the
only vertex in V(¢) which lies inside the support of ¢*N is v,. As before, we can evaluate the resulting vertex functions,

and find

1 i
N LLCOR

3[d> "N] is defined similarly with V¥ replaced by V§.
Thus if ¢, € [¢]; we have

(" N)(wo) A7i5 ) V5 (v9)9a° £ (vo, V(") = {wo})  if vy € V(e

if vy & V(c)) o
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0

K= {(¢*N)(vo))\(ﬁio)[vg(vo) -

and if ¢, & [¢],, we have
RHS = 0. (24)

We would now like to see if the LHS and RHS of (13) as
detailed in (19) to (23) are equal for all ‘I’ , N, and |cy).
Casel coE[cli=d ca&[d-¢l;. In this case
from (20) and (24) we clearly see that LHS =
RHS = 0.

cy €[C]; but voE Vicy) = b -cy €[P-2]
but ¢(vy) & V(¢ - c4). In this case from the first
equation in (19) and in (23) we see that LHS =
RHS = 0.

ca €[E]; and vy € V(cy) = ¢ - cy E[@ - ],
and ¢(vy) € V(c,). In this case the LHS and
RHS are given by the first equations in (19) and
(23), respectively. It is clear that for a generic

choice of the habitat state \If[ o the LHS and

RHS are not equal for two reasons:
(i) The LHS involves N(¢(v,)), whereas RHS

involves  (¢*N)(vo) = | 42 [iN(h(v));

i.e., the two differ by a Jacobian factor.
(ii) The LHS involves A(ﬁg;io))ﬁiw(uo), & -

¢) which is not equal to )L(ﬁgo)(f)*‘?i(vo, ).

Case 2

Case 3

Thus the nontrivial density weight of the lapse and the
diffeomorphism noncovariance of the quantum shift are the
two reasons why the naive attempt to prove diffeomor-
phism covariance of H'[N] fails.

B. Checking diffeomorphism covariance: H2[N]W/. [c.]

In the previous section, we analyzed the behaviour of
H'[N] under conjugation by the natural representation of

Diff(Z) on \If{;]] and identified two problems which are

responsible for its spatial noncovariance. In this section,
we continue along the same route and analyze the diffeo-

morphism (non)covariance of H2[N] on ‘l’{;]l. At the very

least, we expect the two culprits identified in the last
section to spoil the covariance properties again, but as we
will see in this case there is an additional difficulty. The
action of H*[N] on charge network states containing EO
vertices (which are by definition zero volume) is different
from its action on non-EO zero-volume vertices. However,
a quick look at the definition of EO vertices reveals that the
entire EO structure is diffeomorphism noncovariant:
A diffeomorphism can map an EO vertex into a WEO
vertex. This transcends into another issue in the continuum

VE(v)]0a" f1 (vo, V(cy)
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if vy & V(CA)

if Vo e V(CA) (23)

—{vo})

limit, ensuring diffeomorphism noncovariance of H*[N]
1
on \If{E]]. We now turn to a detailed analysis of this issue.

Jl
Given ‘P'[fé]. € Vim and |c,) € H i, We once again
want to see if

(0(@) AP INIO (B 1YWL, Ylea))
= (AL NIW];, Ylea) (25)
V ¢ € diff(3). We compute
LHS = (mqs)'ﬁZ[N]O( ¢~ywl, Yea)
(oY HPINTW, 25" Yl ea))

(o[ ) gl i

¢-[e]; ¢-[e];

(Fod™ gtga M (Fed ™D, V]
@[], ¢-[c]y

e

](Iqb e,
(26)

where in the third line we have used (8) and assumed
(without loss of generality) that 3v, € V(&) such that the
only vertex in V(¢ - ¢) which falls inside the support of N
is @(vy). In the fourth line we have used (14). The vertex
functions in the third and fourth lines of (26) are given in
Sec. 11, and

(f o 62 LINIV(E) = (/' o ¢~ (V)
(f o 62 INIV(e)) = (' 0 ¢~ H(V())

V¢! such that V(¢) does not contain an EO vertex

P (vo)E(1, 2) of type (1, 2). )
If on the other hand, V(c’) contains an EO vertex,
(¢ - vo)5(1, 2) (for some 6) then,

(f o D42, sINIV(c))
= (f o ¢ 5%, sINI($ - v)5(1,2),..)
= (A5 Vi - v, b - VN - vo)lf!
o ¢ (¢ - v)5(1,3),..),
(f o ¢ g% INIV()
= (fo ¢ 5% [INI(# - v)5(1,2),..)
= [AGiG5 V(b - vy, b - VN - vp)]f!
o (¢ - vp)E(1,1),...). (28)

Using the last line in (26), it is easy to see that,

(27a)
(27b)
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LHS =0 if ¢ cy, & ¢ -[c];
=[(f © &7, INI(V(cn))
= (f o 7152, s[NI(V(cx)]otherwise.  (29)
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LHS = 0. (30)

We now turn our attention to RHS ([ ¢*N ]\I’{EI]] Mea).

‘ RHS = [\P{iﬁwm - \If{iﬁﬁw*m]lcﬁ, (3D
Whence upon using (28) in (29) we see that if ¢4 does not
contain an EO vertex of type 1, 2 associated to v, then where the vertex functions are once again given by
J
£l NIV () = £1(V(c")
if there is no EO vertex of type-1, 2 w.r.t vy inV(c/)[A(ii5, V{(E, vo)(V (" N))(vo) If ((v9)5(1, 3), ...)
if there is an E.O vertex(vg)5w.r.tv,,
Fotld* NIV () = f1(V(c)
if there is no EO vertex of type-1, 2 w.r.t vginV(c/)[A(7iS, V4(E, vo) (V. (¢*N)(vo) If (vo)5(1, 1), ...)
if there is an E.O vertex(vg)5w.r.tv,. (32)
Thus it is straightforward to see that RHS as defined in (31) is given by
RHS =0 if ¢y & [¢]; = f,2\["N1(V(ca)) = f125[$"N1(V(c,)) otherwise, (33)

which using (32) further implies that
RHS =0

if there exists no EO vertex of type-I, jin V(c4) associated to v

= —A(G)IVE(E vo) f1 (we)5(1, 1), ..) = V(& vo) [ (ve)5 (1, 3), .. )NV N))(vo) otherwise.  (34)

Comparing (34) with (29) we can easily verify that if
c4 & [€]; (which is equivalent to ¢ - c4 & [¢ - €];) then

LHS = RHS = 0. (35)

However if ¢, € [¢]; then LHS and RHS are only equal
for all diffeomorphisms, if there is no WEO vertex of type
(1, 2) associated to v in c4. Otherwise there could exist a
diffeomorphism ¢ such that it would map a WEO vertex
associated to vy to an EO vertex (of the same type)
associated to ¢ - vy in which case LHS would be zero
[from (30) but RHS would be given by the second line
in (34)].
We thus conclude that given a ‘I’{C"]i in the LMI habitat,
the action of H[N] = S H U[NT is not covariant under
action of spatial diffeomorphisms due to three reasons.
(a) The quantum shift is not a covariant object in
any sense: If two charge networks c¢; and c, are
diffeomorphic to each other (which means there
are infinitely many semianalytic diffeomorphisms
which map c; to ¢,, there need not exist any diffeo-
morphism whose pushforward maps V j(v,¢y) to
‘_/)]((,b ", Cz).

(b) The nontrivial density weight of lapse causes extra
Jacobian factors to arise when comparing ¢*N with
N o ¢.

(c) The EO structure is a diffeomorphism noncovariant

concept unlike the WEO structure.

|
C. Our strategy

In this section we briefly outline our approach and
explain the key ideas that are developed in subsequent
sections. As some of the analysis done in later sections is
slightly involved, we hope that a reading of this section will
give the reader an understanding of the concepts.

Our aim is to show that despite the apparent background
dependence of quantum Hamiltonian constraint, we obtain
an anomaly-free representation of the Dirac algebra on
Vi by defining a new representation of the diffeomor-
phism group on H,;, (and whence by dual action
on V). The basic ideas behind our construction are
summarized below.

As shown in [7], and recalled briefly in the Sec. II, the
continuum Hamiltonian constraint on the LMI habitat is a
sum of three operators given by

ANTYL, = (B'[N] + BP[N] + BPIND W], 6
Vie{l,23)

where \If{;]i is an arbitrary element in V. We will
restrict our analysis to the i = 1 case (as the analysis for
states in the i = 2, 3 sectors is exactly analogous) and
prove diffeomorphism covariance of H[N] by showing

O()A'INIO($~ Wy = A" NIV,

O HINIO(G )Wl = ALe* NI, j € {2.3).

(37)
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From Eq. (37) it follows that H[N] is diffeomorphism
covariant on any ‘If{;]l € Vy. Diffeomorphism covari-

ance of H[N] on an arbitrary state in Vi is a trivial
extension of the above claim.

We now describe the main ideas behind the new represen-
tation of Diff(2) defined in Sec. IV. As recalled in Sec. II,
given any charge network c, there is a unique “undeformed”
¢ associated to it such that the action of the finite-triangulation
Hamiltonian constraint on ¢ involves a set of vectors V (v, ¢)
associated to each vertex v € V(¢), and a characterization of
which of the vertices v£(i, j) in ¢ are EO with respect
to vertices in ¢. Whence it is clear that the data set we are
dealing with, as far as the definition of the Hamiltonian
constraint action on ¢ goes, is {V(v, &), vE(i, Dvevien
V(c), vE(i, j) € V(c)}. We denote the collection of all such
data sets associated to any diffeomorphism-invariant orbit
of charge networks by C([clur) = Urele, ff{V(v, c’),
vE(i, jlv € V(&), vE(i, j) € V(c')}. Intuitively we would
like to choose a representation of Diff(2) on H \;, which
preserves C([clgi); that is, any diffeomorphism should act
in such a way that it maps one element of C([ ¢]y;¢) to some
other element of C([clys)). We achieve this objective as
follows:

(1) In each diffeomorphism-invariant orbit [ ¢ |4 of un-
deformed charge networks, we fix once and for all an
“initial” charge network &% € [5]diff = [Eo]diff, and
a set of diffeomorphisms {0 = }zcpz07, . Which maps
50 to any ¢ e [Eo]diff.

(ii) We also associate to each such &° an atlas U(¢°) on
3 such that each vertex v of & lies in precisely one
open set of U(°) and to each & € [&%]y we
associate an atlas obtained by pushforward’ of

UE°) by P00

(ii1)) We compute the quantum shift vectors
{V(v, @)|v € V(&°)} on the vertices of reference
charge network & once and for all and define
quantum shift vectors for any & € [y as

V', &) 1= (o) V(pal, (), &).  (38)

Thus, given a [&]y; with a reference charge network ¢°, the
set C([ clgigr) (such that the unique WEO vertex-free charge
network associated to ¢ is ¢,) is invariant under the action
of diffeomorphisms ¢ . This motivates our new repre-
sentation which essentially amounts to working with
Uz Upepe0,,, Peo instead of diff(2).> We now revisit

"By pushforward of the coordinate chart we merely mean the
coordinates of the diffeomorphic image of a point in the pushed-
forward coordinate chart are the same as the coordinates of the
original point in the initial coordinate chart.

S At this point we are only trying to motivate our construction
of new representation. The details are given in Sec. IV. For
example, at this point we have not even shown that the set that
we are working with forms a group.
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the transformation properties of H[N] on V| ,; under
this representation of Diff(X) and show that it transforms
covariantly.

D. Preferred diffeomorphisms: ¢» maps

In this section we explain how we assign to each
diffeomorphism-invariant orbit [¢]gs of WEQO vertex-free
charge networks a set of diffeomorphisms which will be a
crucial ingredient in defining a new representation of
Diff(2) in the quantum theory.

We start with a trivial observation. [&]yy is a category
(in fact a groupoid) with & € [¢]¢ being the objects and
all the diffeomorphisms which map say &’ to ¢’ constitute
Hom(&’, ¢"). Our idea is to work with a subcategory (in fact
a subgroupoid) in [&lg in defining a representation of
Diff(2) on JH;,. Pick a reference charge network ¢,
and for all & € &l fix once and for all a diffeomorphism
¢¢, e which map & to &. (We choose ¢ 5,0 = 1d). Now
given any &, ¢" € [Clys we define a diffeomorphism
which maps & to ¢ as

¢5',5” =
It is easy to verify that
¢5,,52 ° ¢52,53 = ¢51,53,

V &1, & € [Elair-

The categorical notions are not essential in understand-
ing the representation of Diff(X); however, it is a useful
concept to understand the type of structure we are dealing
with when we fix a diffeomorphism once and for all
between any two charge networks.

We will sometimes refer to these select set of diffeo-
morphisms as ¢ maps.

¢EU,E” o (b;),lgl' (39)

be e = d’;zlgl (40)

E. A diffeomorphism-covariant regularization scheme

Classically, V¢ = ¢g~'/*E¢ is a C* densitized vector
field. In [7] the quantization of V¢(v) at a given point v €
3, involved a choice of regulating structures such that, at
finite regularization parametrized by e, a densely defined
operator V¢(v)|. on JH;, was obtained. Although this
operator is explicitly independent of € due to the density
weights of various quantities, it is implicitly dependent on
the chosen regulating structures, which can be most easily
seen through its spectrum. In particular, this dependence
implies that generically, given two charge networks c; and
¢, that are diffeomorphic to each other,

b (V)| der) # (belVild - v)lleny  (41)

V ¢ which map ¢, to ¢,. This result implies the following.

Consider [ (4 Which is a diffeomorphism-invariant set
of charge networks that contains ¢. The definition of the
quantum shift vectors associated to a given c is essentially
an assignment of vectors {V,(v,c)|lvV(c), i{1,2 3}
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Equation (41) implies that, given c;, ¢, € [cqlais. there is
no meaningful sense in which we can talk about the
quantum shift vectors associated to ¢; being diffeomorph-
ically related to quantum shift vectors associated to c,. We
term this property, diffeomorphism noncovariance of
quantum shift. As we saw in Sec. III, the diffeomorphism
noncovariance of the quantum shift in turn implies that the
Hamiltonian constraint operator as we have defined it will
not be diffeomorphism covariant; i.e., Eq. (3) will not be
satisfied. We cure this problem by first taking a cue from
the construction of rigging a map for finite diffeomor-
phisms [14], then defining an alternative (as opposed to
the representation currently used in LQG) representation of
Diff(2) on FH ;,. We show that this leads to a solution to
the diffeomorphism noncovariance problem of the quan-
tum shift,’ and finally to a diffeomorphism-covariant
Hamiltonian constraint operator.

First let us briefly recall the result of the construction of
the quantum shift in [7]. At each point p € 3, we fix once
and for all a coordinate system {x,} with origin at p. Let ¢
be a WEOQ vertex-free charge network with a vertex v € 3.
The (coordinate-dependent) regularization procedure,
detailed in [7], gives

V)l ey = £4.(v)ge ()l = /\(ﬁ”)— S enfle)

e,nv

= AGO(ES)D) = Vi@, Dle),  (@2)

where we have employed the abstract index notation
and the é§ are unit tangent vectors (with respect to the
coordinate system at v with metric d,,) to the edges of ¢
emanating from v. As it stands, V¢(v, ¢) is computed
separately for each member ¢ of the diffeomorphism
equivalence class [y of €.

To solve the noncovariance problem stated above, we
will modify this construction and compute V¢ (v, &) only
in some reference charge network ¢y € [¢lair = [Colaisr-
The result will be transported to vertices of other charge
nets in the equivalence class by the set of relevant ¢ maps
which were defined in Sec. IIID.

We define the quantum shift vectors V¢(v,¢) V v:i=
¢z,c " volv € V(€), ¢ € [E]yigr via pushforward with re-
spect to the ¢z

Vj(UJ ¢) = (QZ’)EO,E)*‘-}/'(UOJ Co)- (43)

IV. REPRESENTATION OF Diff(3)
ON THE LMI HABITAT

As we saw in Sec. III A, there is a natural representation
of a diffeomorphism group on V. It is given by

°This means that we can in a precise sense talk about a map
between quantum shifts associated to two charge networks
which are diffeomorphic to each other.
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U)W, = ylod (44)

However as we saw in Sec. III B, this representation is
not the one that will lead us to a nonanomalous Dirac
algebra on Vi, as U(¢) generically maps an EO vertex
to a WEO vertex. Keeping this in mind, we define a new
representation of Diff(2) on JH;, which in turn leads
to a novel representation of the diffeomorphism group
on Viyi. We will see that this representation has some
desirable properties.

(1) Given [Cylsg» and the collection of vectors
Urerz,] di“.{\71-(1), &)|v € V(&')}, the new representa-
tion preserves this set. More precisely, (¢z #)sp X
(V.(v, &)) = V,(v', &) for all v € V(&,) such that
v = ¢ (v) € V().

(2) It preserves the EO structure associated to charge
nets. (As we will see below, this will be achieved by
making coordinate charts around a given vertex
““state dependent.”)

A. An alternative representation of diff(X)
1. Preliminaries

Definitions: Let ¢ be a WEO vertex-free (signified
by the tilde) charge network with vertex set V(¢) =
{vi, ..., v vy} and let & < §,(¢) be an admissible
small parameter with respect to each of the coordinate
systems based at the points of V(&), as detailed in [7]
[roughly, the bound &6,(¢) guarantees that the finite-
triangulation Hamiltonian-type deformations at ““fineness”
6 that are performed on ¢ are “local enough” so that one
can actually classify these so-called EO vertices which are
formed by the action of Hamiltonian constraint]. We define
the ith S-cilium at the vertex v;, denoted o(8, &), as a
straight-line arc of coordinate length 8|(£¢);|, directed
along the quantum shift V¢(v;, ¢), with one end at v,
which goes into the definition of the curvature loop appear-
ing in the Hamiltonian action.

The ©&-ciliated graph determined by ¢, denoted
Yo(5,6(C), is given by the union of the graph y(¢) under-
lying ¢ and the set of d-cilia [see Fig. 1]:

3 vl

Yo(5.0)(&) = y@ U J U ol(8, ). (45)

=1 I=

Now consider the diffeomorphism equivalence class [ ]yg.
We choose once and for all a preferred element of &, €
[¢laisr = [€olaisr to represent the equivalence class, and in
the neighborhood of each v € V(&,) a fixed coordinate
chart {x,, }%. For all ¢ € [&; 4, we choose once and for all
a preferred collection of coordinate charts {x,/}° in the
neighborhood of each of its vertices v/ = ¢ ;(v) which
is obtained by a pushforward of {x,}% using ¢; ;:
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FIG. 1. The é-ciliated graph 7,5 #(¢) determined by ¢ in the
neighborhood of the vertex v; with respect to the coordinate
system {x, } = {x!, x?}.

{xv’}E = (¢EO,E)*{XU}EO) Ve V(E)’
v € V(&) such that v/ =

(46)
EO,E(U)-
This means that given a vy € V(&), o;(vg, 6, ¢y) which is
a linear curve (in parameter ¢ € [0, §]) with respect to the
coordinate chart {x, }, beginning at v with its tangent at v
being V,(v, &,) gets mapped to a linear curve o;(v/, 8, ¢)
(in parameter ¢ € [0, §]) with respect to the coordinate
chart {x,/}¢, beginning at v with its tangent at v being
V.0, &) = (bz,c [Vi(v, &)]. Whence, we get

3 V(@)
bz c (V5,6 (C0) = bz, z (’}’(50) U U U al(s, 50))
i=1 I=1
3 [V(Ey)l
=y@ulJ ¢50,E( U ol 50))
=1 =1
3 [IV(@E)l
= y(@)U U( U ol 5))
=1\ I=1

= Yo(6.0(C)- (47)
Whence by adapting the coordinate charts around vertices
to charge networks, we preserve the EO nature of a vertex. 10
As we will see, this new ingredient will turn out to be crucial
in obtaining an anomaly-free constraint algebra.

2. A new representation

We are now ready to define a new representation of
diff(2) on "V, via a new representation on JH y;,. For
charge networks ¢ with no WEO vertices, we have that

%We are indebted to Madhavan Varadarajan who explained to
us the use of state-dependent coordinate charts in regularization
of quantum constraints.
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U(h)|&) = |z gz - €).(48)

If a charge network c¢; has any WEO vertices, then, as
shown in the Appendix, there is a unique WEO vertex-
free charge network ¢(c;) associated to it and ¢(c;) can be
recovered from c; by performing a certain surgery. Using
this fact we then define

U(@)le) = e et € (49)
Clearly this defines a representation:
U(¢)U =l¢ —  — g
(GNOB)le) =1b,— . g )

= |¢¢~5,¢’-¢~5¢5,¢-5 - c)
= |be(propye O
=U(¢' ° ¢)lc). (50)

The action of the U(¢) on Vi descends from the action
on H ,;, via

(clO() := (O(p NNt = ey a0 - OF
= be)p 120 " €l (51)

It is easy to see that using the above the equation we have

W10y = Y f(V(cjucUcy))

(¢ ca.c3)E[C];

X <¢Z‘,({)"-Z‘ : (Cllr Co, C3)|’ (52)

where by ¢ we mean the WEO vertex-free charge network
¢(c, ¢y, ¢3) underlying (¢}, &, ¢3) which is exactly ¢ for all
(Cll, 52, 53) S [5] B

Now note that the vertex set V(c| U ¢, U ¢3) transforms
equivariantly under diffeomorphisms:

Gepe(V(c] UE,U &)
= V(e 4e(ch) U iz 4662 U i 4:83). (53)

We can now define a (dual) representation on V7 based
on the representation given in (51) as follows:

N VU AT RN R

U(QS)MP[E]I T \I,‘;’SE,(p*I.g'[é]i 54
V i. The above definition is justified by the following
lemma.

Lemma: ‘Ifﬁ]i(ﬁ(gb)ch)) =V

lea) € H -

Proof: We give the proof for i = 1. Without loss of
generality, we assume that all WEO vertices of ¢, are of
type 1, as otherwise both sides are trivially zero.

Compute

VL O@)ea) = 3 F IS0y, ,. (55

c'€[e];

flod 1z,
¢, 4-1.71¢hi

cyy for all
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where ¢’ = (¢}, &,, ;) € [€];, and &, is the WEO vertex-
free charge network associated to c,. We have that

bz, poc, " Ca EleIe ¢ e #¢ (56)

and in this case, \If{;]l (U()|ca)) = 0. On the other hand, if
bz, 40, Ca E[Cli(& ¢ - Cy = ), then
UL (OD)len)) = f1 (e, pe, - €a))
=1 V(pg1.20 " ca)), (57)

whereas the RHS is given by

N RUCHLIT

cele],

-3

dEp, 11

fl o ¢¢_1'5,5(‘7(6/))501,CA‘ (58)

Whenceif ey & ¢z 1.0 [E]i (& &4 # ¢! - &), thenthe
right-hand side of (55) vanishes. On the other hand if ¢, €
bepr” [¢], (& ¢4 = ¢! 0&), then

RHS = f' o ¢¢’1~5,E(V(CA)) = fl(V((d’qu-ae “Ca))-
(59)

In the second equality we have used the fact that V is a
diffeomorphism-equivariant map on the set of vertices.
This proves the lemma.

It is straightforward to verify that (54) defines a
representation:

~ P LY JE e
U)W, =Yy [y
. (60)
~ A 'l ~ °Py-lge
O(1) U(o) V], = CIE P
A N . l°a;;—1;°a;1—15(b—1¢715
000wl = (s |
fIOafl L |
— G(prody)~'C
(\P[(¢1°¢2)715]1
1 A
= (¥, 10(¢1 © ¢’ (61)

so that we indeed have a representation.

We now point out a rather interesting property of this
representation. Although V7, is a subspace of distribu-
tions on F y;,, there is a canonical choice of inner product

i °J
on this space.'' Given ‘I’{E‘,}, ‘I’{g,,]‘, the inner product is
4 ]
defined as

""'Note that on the Lewandowski Marolf habitat defined in [12]
no such canonical choice exists.
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(W, W ) = So L V@) FAVES, (6

Note that this inner product is not positive definite unless
we restrict ourselves to “‘basis’ states ‘I’{C] in Vg which

are such that | f/(V(&))|? > 0. In any case, it is clear that the
representation of Diff(2) on V1 is unitary with respect
to (62) as

(O, OV

)
. (\I’fll °¢¢’IF’,E’

f£°¢4,715//v.;//
b g—1.2[E10 7 b 41 "]

= 840400 (f] © ¢¢*'5’,5’)(V(¢715/))*(fé © Py-rgn.an)
X (V(¢~'&")8,,

= 840,00 [{(V@)) FVES,;

= (Wi, W), (63)

(& = [e");

where we have used the fact that ¢; ,.c:|; = ¢|:

v .

V. DIFFEOMORPHISM COVARIANCE
A. A'INTW.,
In this section we revisit the diffeomorphism-covariance

of H'[NT on ‘I’{E]]l in light of the new representation of
Diff(2) on Vypy involving ¢, - maps.
Whence our aim is to check if

(O($YAINYO(S YWy Dlea)
= (A'[(¢,.)" NIVl lea) (64)

1
A \If‘[fa]] S VLMI and ICA> S g-[kin'

Note that on the right-hand side, we expect the lapse to
be pulled back by the diffeomorphism ¢: 4. (Which given
a ¢ and a ¢ is fixed once and for all) and not by ¢ as
warranted by the new representation of the diffeomorphism
group.

Before proceeding with the computation, we outline
our setup which will also help us in clarifying our
(often confusing) notations. We denote the reference
charge network in [ &)y by ¢°. The WEO vertex-free state
underlying c, will be denoted by ¢,. Given a vertex v, in
¢, we will denote the corresponding (image under diffeo-
morphism ¢; ) vertex in &% as v.

Without loss of generality we assume that the only WEO
vertices which belong to V(c,) are of type 1, as otherwise
both sides are trivially zero.
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We first compute the LHS using (51), (54), and (6)
LHS = (0()A'INVO(& )Wy Ylew)
= (A'INYOG )Wl N, - ca)
('YW, 24 ey e, - )

beg-c71]

_ (fodpcc u,z[N] _ (.f'°¢¢4(-,e)L',§[N]
o Z (q,%,d;«e'[fl] \Pqﬁz,(b‘;'[fl]
vEV(S)
|¢5,\,¢.5A " Ca)- (65)

Further analysis of the above equation can be divided
into the following two (mutually exclusive and exhaustive)
cases:

Case I: ¢, 4c, CaAE bege-[Cilod -4 #Fd-Co
¢4 # €. In this case it is clear that LHS = 0.
Case2: ¢z, pe, CAE Prgpc-[CilEd-Ch=¢ -Co

¢4 = C. In this case,

LHS = Z ((f ¢d> ¢,c

vEV(S)

—(fo d’q&cz)ll,la[N](V(d’zA(pzA))) (66)

[N](V(¢CA - cA))

For the sake of pedagogy, we now assume that the only
vertex in V(¢ - ¢) = V(¢ - ¢4) which falls inside the sup-
port of N is a vertex v,. As the Hamiltonian constraint
action is linearly distributed over vertices, there is no loss
of generality in this assumption.

In this case Case 2 gets further subdivided into the
following two cases:

Case 2a: vy & V(¢;, 4.2, - ca), and in this case,

LHS = Z ((f d)d) éc [N](V(d)cA ¢-Cy CA))

veV(e)
—(fo d’qs-e,a)ll,’,;[N](V(¢5A,¢~5-A “ca)))
= ((f © bcs NIV (e gz, va)
—(fo d’¢-5,5)11J’:v3[N](V(¢5A,¢~5A “v4)))
=(fo ¢¢-E,5)](‘7(¢5A,¢-5A “vy) — (fo ¢¢-5,5)]
X (V(bz, gz, €a)) =0, (67)

where in the second line we have used the assumption
stated above and in the third line, we have used the defining
property of f! functions,

FoalNIV(eh) = f1(V () (68)

if v & V().

The only case where LHS is nontrivial is given by case
2b: vy € V(s gz, * ca). [Recall that v, € V(¢ - &) by
definition.]

In this case, we can start off with the second line in (67)
and evaluate the LHS,
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LHS = ((f © .25 NIV (e, 0z, - v4))
—(f © by sINIV(begc, - va))
= (f © b0y N, V(e e, - va)
—{vad) = (f © byl H[N]
X (va, V(e gz, ~ va) = {va). (69)

Here without loss of generality we have assumed that the
first argument of f1 o ¢ .z ; is v4.

Notice that as ¢z 4.z, " Ca € Pzgz-[C]), the
Lemma (A.1) in the Appendix tells us that ¢, = ¢. We
can now use (7) in the above equation along with the fact
that ¢, = ¢ and get

LHS = N(v,, {va}ff"f)/\(*‘ﬁ'E)[Vg(vA, &) — Vi(ua, 0)]

6( )a (d)qs -G, Lf)(vAJ { L) }) (70)

Recall that the components of quantum-shift V¢ (v,, ¢) are
evaluated in the coordinate chart {x,, }#¢ which is centered

at v, and is obtained by the pushforward of {xvg}éo
ceentered at a vertex v € V(¢°). Thus components of
V(vy, @) in {x, }° are equal to the components of
V(19, &) in the coordinate system {x. 1. Using this, the
above equation simplifies to

LHS = N(v,, {x,,A}qb‘f)A(ﬁfi’,)[vg’(vg, &) — V& @Y, &)]

a (Q{)Co ¢-C d)qs f)(vgy {" © })’

A )
LHS = N(vy, {va}¢'5)A(ﬁf%>[V“’(v9,, &) = Ve (@4, &)]
T —7= (95 NG D (71)

In the above equations we have also explicitly displayed
the dependence of a density-weighted lapse on a coordi-
nate system.

We now evaluate the RHS in (64)

RHS = (1311[(¢5,¢~5)*N]\F§]1)lCA>' (72)

As the only vertex in V(¢ - ¢4) which is inside the support
of N is v, it implies that the only vertex in V(¢,) which
falls inside the support of (¢z 4.c)*N is ¢! - v,.

As before we analyze two cases (Case 1 and Case 2)
separately.
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Case 1 Recall that case 1 corresponds to ¢4 # ¢ in

which case it is easy to see that

RHS= ¥ (\Iff”“] \If{g?f[q’*N])ch>=o

[c]y
vEV(C)
=LHS. (73)

Case 2 This is the complementary case where ¢4, = C.

While analyzing the LHS in case 2, we specialized to the
situation where the only vertex in V(¢ - ¢) = V(¢ - C4)
which is inside the support of N is v,. Clearly this
implies that the only vertex in V(¢4) = V(¢) which lies
in the support of ¢*N is ¢! - v,. In this case, the RHS is
given by

RHS = (f,%, (V(e) = £33, (V). (74

As in the case of the evaluation of the LHS, this case can
be further analyzed by looking at to subcases, case-2a and
case-2b, separately.

Case 2a: vy & V(s gz, * Ca)-

As V is a diffeomorphism equivariant map, we have

Ggez, VAE Vica) = ¢ vy & Vicw).

The second line in the above equation needs and
explanation.

Asvy € V(g gz, " Ca)butvy & V(s 4.z, * ca),itis
clear that vy € V(¢ - ¢4). But on V(¢ - ¢4), dp.c,z, =
¢!, which is used in the second line of the above
equation. However, if ¢! - v, & V(c,) we have

RHS = (f}2,., (V(ea) = £33, (V(cn)

= (f(V(ea)) = f(V(cx)) = 0. (75)
Whence even in this case we get
LHS = RHS

we are finally left with the final and only nontrivial case,
case 2b.

Case 2b: vy € V(s 4.z, * Ca)-

An argument similar to the one given above (75) leads us
to conclude that ¢! - v, € V(c,). Whence in this case,
the RHS is given by

PHYSICAL REVIEW D 88, 044029 (2013)
RHS = (2., (V(ca)) = £33, (V(ca)
= (fy2,, (@7 va View) = {¢7" - va))
= i, (@7 va Viea) — {7 ua),
RHS = (h7,4.0) N~ v, {10, Y )A(iG 1, )
X V(™ vy, &) = V§(d vy, 8)]

0 -1
X (8(x2;‘].vA)“ f)(¢ Vpr ) (76)

Once again [in exact analogy with the way we arrived
at (71)] we can use the following three observations to
“pull back” the above equation to (v, &°):

(1) \72(q§ '~ v,, & is obtained by pushforward of
V, (10 0, &) using (0 ) it 1mplles that the (ordered
set of) components V“ (d) vy, ¢) in the preferred
coordinate system {x,-1., }° = (¢50,5)*{xvg 1@ cen-
tered at ¢! - v, are the same as the components
Va9, &) of V(¥9,&) in the coordinate system

{rpl.
(2) We also have, by construction )l(ﬁf;,]vf‘) = /\(ﬁi?)).
D)
a(x M5 Vareror
<(¢c“c)* ( ~(:))a>f((]5 Vg - .,.)
you.) Voa 77
a(L) (¢ DY) Y D)
Whence

RHS = ($74:0)"N($ ™ v {10, )%)AGEY)

X [v304 ) = Vi (- S 03 1)

00x5y)"
X (W0, ). (78)

We can now compare the above equation with (71) and see
that the only possible source of mismatch arises from the
evaluation of lapse. The dependence of lapse in (71) and
(78) are respectively given by

N(vy, {x,,}%°)
= Nws (e g o) Mo},
(eg0) " NP vg, {xy1.,,1%)
= Ny, (dzp.0)efxp1.,14)
= N(va, ulbo)ufr,0}®)
= N(o, (b g ) Mg}
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Thus even for Case 2b we see that the LHS equals the RHS.
Whence we conclude that

(O(OA'INYO(o~ Nl = Ao NI, . (79)

~D fl
B. H*[N]W,

In this section we would like to show that
(U(o)HAP[NTU(¢p~ 1)’ ] ) ea)
= (AP bz ) NIV )(Icn)) (80)

Vley) € Hyn, V ¢ € Diff(2) and V N.

Once again without loss of generality we assume that the
only WEO vertices which belong to V(c,) are of "type 17
[i.e. all the edges incident on any WEO vertex is only
charged under U(1),], as otherwise both sides are trivially
Zero.

We first compute the LHS using (51), (54), and (8)

LHS = (0(¢) INYO(¢ )W} Ylew)
= (FPINYO(¢~ )W ebey o, - ca)
(AT, e e, -

_ Z \I,(focﬁqs.ﬁ),ﬂﬁ[iv] afedeaa 3N
bepe[C1] b gcclC1]
vEV(C)
X bz, gz, " Ca)- (81)

Further analysis of the above equation can be divided
into the following two (mutually exclusive and exhaustive)
cases exactly as in the previous section.

LHS = (f o d’gb-aa)zlfiz[N](V(d’aA b))

[A(evA)vf(vA, O (d)c)

N Ax, 3N o dgez,

PHYSICAL REVIEW D 88, 044029 (2013)

Case l: ¢z, gz, " CAE Prpc-[C1]lEd-Ch# P C
& ¢y F C (82)
In this case it is clear that LHS = 0.

Case 2: ¢LA¢LA CAE¢L¢)L [C1]<:>¢ CA d) ¢

p=4 CA == 5 (83)
In this case,

LHS = 3 ((f © e 3 NI(V(dz, 42,))

vEV(E)
= (f o g3 INIV(dz, 4.2)))- (84)

For the sake of pedagogy, and without any loss in general-
ity, we again assume (this assumption was also made in
the previous section) that the only vertex in V(¢ - ¢) =
V(¢ - &4) which falls inside the support of N is a vertex v .

In this case Case 2 gets further subdivided into the
following two complementary cases:

Case 2a: ¢;, 4z, - c4 does not contain an EO vertex
(v4)% of type (1, 2) in the neighborhood of v,4.

In this case the vertex functions are unchanged, and

LHS = (f © ¢ 400y 2 [NI(V(z, 42,)
—(fo ¢¢~5,6)L’A2,3[N](V(¢5A,¢~5A))
= (f(V(de,pe,) = (Ve p2,)
= 0. (85)

Case 2b: ¢z, 4z, * ca contains an EO vertex (v4)5 of
type (1, 2) in the neighborhood of v, for some 6.
In this case we can use (9a) and (9b) to get

(f ° ¢¢C c)l 23[N:|(V(¢CA ¢- cA))

)((UA)E(L 3), V(¢6A,¢~6A)

— {5 2D = AV (Wa, & - VN (s {2, NS © by (Wa)F(L 1), Vidde, g2,) — {(wa)5(L, 2)})],

LHS = [ MWV b0 i

N Ax, 3N o dgez,

(86)

)((UA)g(L 3), V(¢6A,¢~6A)

— {51 2)}) = AGIVE (v, ¢ - VN (g, L0, 3V f(671 - wa)5(L 1), View) —{(o7" - va)(L, 2)})],

where in the last line we have used the key property of our
new representation. If (v4)%(1,2) is an EO vertex in
V(s .z - ca) which is associated to v, [which is in turn
a vertex in V(¢ - ¢4)] then,

(87)

bpee (Wa)5(1,2) = (7" - v0)5(1,2), (88)

that is, ¢ 4.z - maps it to an EO vertex in V(¢ . ;) which is
associated to ¢! - v, € V().
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We now analyze the RHS and show that in all three
cases (case 1, case 2a, case 2b) it matches the LHS answers
given above.

RHS = (H[(¢,4.0) NIWL; )lca). (89)
It is clear that in the first case, case 1, as ¢ # &, clearly
RHS = 0.
Now consider case 2a.
Case2a: ¢z, p.2,Ca € Prgc[C1] e E=¢4  (90)

But ¢é;, 4z, - ¢4 does not contain an EO vertex (vy)5 of
type (1, 2) in the neighborhood of v4. Where v, is the only
vertex of ¢ - ¢ which lies inside the support of N.
Obviously this implies that the only vertex of ¢ which
lies inside the support of ¢ , N is ¢~ - vy

Now notice that as as the EO structure associated to any
charge network c is preserved under the ¢ 4.; for any

RHS = f2, ,[(¢e4.0)"NI(V(ca)) —

= [a@ i - u, c>( [

Axgr,, )

PHYSICAL REVIEW D 88, 044029 (2013)

diffeomorphism ¢ [as demonstrated in Eq. (47)], ¢, does
not contain an EO vertex of type (1, 2) in the neighborhood
of ¢! - v,, whence in this case

RHS = fl;%l.UA’Z[(QSE,QS'E)*N](V(CA))
= f 32, 3l(Da62) NI(V(ea) = 0. OD)

Recall that even the LHS was trivial in this case.

We now turn to the remaining case, case 2b, for which
the LHS was nontrivial. For the benefit of the reader, we
recall the conditions defining this case again.

Case 2b: ¢;, 4z, * ¢4 contains an EO vertex (v,)5 of
type (1, 2) in the neighborhood of v, for some 6.

Once again, using Eq. (47) we see that ¢4 contains an
EO vertex (¢! - v4)E of type (1, 2) in the neighborhood of
¢! - v, for the same 8. Hence in this case, the RHS is
given by

sl (Beg NIVl
)<¢5,¢.5>*N(¢*1 v g JF (6 - w)E(L 3), Viey)

{67 w512 — A '”A>vg<¢*1-vA,e>(a(c ) B N vl (7 0

X (1, 1), Viea) = {67 - u)f1 2D | ©2)
We can use
AGE ) =AY, VI 0,0 = Vil d-3) Y ai mz(%ﬁ)ﬂw})a 93)
to simplify (92)
RHS = [ A Via & -5 = ))<¢¢Cc¢c¢c> Nwa, £, JOF (671 - w51, 3), Vien)
{67 w2 ~ AV b 0 e )a)<¢¢cc¢c¢c> N(ws, {2, 1),
FU@ v D V(e ~ (& - v 2 |
RHS = Ay Vit 6 - e)(a(%w)zvm, Lo, FOF (6 - B 3), View) — {7 - w1, 2))
~Vin b g = ))N<vA,{va}¢ WS v D Vien) ~ 46" vf1.2D) | 94)

On comparing (94) with (87) we conclude that even in this
case case 2b

LHS = RHS.

Whence, we finally have

O(pYAPINYO(¢~ )Wl = AP (b gc) NIV,

(95)

V .
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One can similarly show that
Oy HOINY (¢~ )Wl = AV (e g.c) NIV,
(96)

Vv ¢.
Using (79), (95), and (96) we see that

O(¢YAINYO(p~ YW = Al ) NIV, OD)

vV ¢.
It is straightforward to generalize this result to
v, Vi

The above result, in conjunction with (61) and the result
of [7] shows that we have a representation of Dirac algebra
on V| in the loop quantized (2 + 1)-dimensional U(1)?
theory.

VI. SPECTRUM OF THE THEORY

The new representation of Diff(2) on V| which was
a crucial ingredient in establishing the diffeomorphism
covariance of H[N] required us to introduce certain
auxiliary structures. The two key ingredients were (1) ref-
erence charge networks for each gauge orbit [¢]y and
(2) reference diffeomorphisms.

In this section we analyze the spectrum of the theory in
order to probe the viability of new representation for
Diff(2). Let us try to find the simplest class of states in
Vi a which are solutions to H[N]. Consider a class of
states of the form

N 3 -
w=3 Syl on
I1=1 m=1

where 1 = N < oco. This is a fairly large class of states in
which we look for states which satisfy

HIN]®)=0 (99)

M-

1

L

V N. The resulting equation can be written in a condensed
form as

3, & > (1), IN]
DA =3 > ¥ g euV)
i=1 I=1veV(E) i jk=1

(FuhINY

(el A

+ € (W o (100)

(f,)‘;f,»[N])].
From here it is easy to see that, in the class of states given
in (98) there is a subset obtained by choosing f; =
constant and a} = a? = a} V I which lie in the kernel

of the Hamiltonian constraint. This result is not com-
. k
pletely expected a priori as action of H/[N] on \If{dk is
not trivial even when the vertex function f* is taken to be
constant when j # k. The antisymmetry in the internal
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indices in the Hamiltonian constraint (which is rather
neatly encoded in this expression) is responsible for the

fact that 37| \I’{C]: ™! ie in the kernel of the Hamiltonian

constraint.

As the set [¢]; is diffeomorphism (intact homeomor-
phism) invariant, we can see that (formally) identifying
all the Habitat states which are related by diffeomorphisms
will yield distributions on HH i, of the type

3 ) 3 .
”:(I)]) — Z Z \P[;Fconst _ z \I,[E;const
Selo=ge imle=gz
o fi=const
i=1&=¢; 4

Whence the sum over diffeomorphisms reduces to sum-
ming over the ¢ maps as each [¢]; has a unique vertex-free
state ¢ associated to it. We see this as a hint that as far as the
spectrum of the theory is concerned, summing over all
diffeomorphisms might be equivalent to summing over
the selected set of diffeomorphisms as dictated by the
new representation.

VII. CONCLUSION AND OUTLOOK

In this paper, we continued our construction of a repre-
sentation of Dirac algebra in quantum U(1)? gauge theory
which was initiated in [7]. We considered the Hamiltonian
constraint A[N] defined in [7] and constructed a represen-
tation of the diffeomorphism group on the LMI habitat
Vi such that U(¢), H[N] satisfy the off-shell closure
condition. In contrast to the original Hamiltonian con-
straint of Thiemann (constructed remarkably for the case
of four-dimensional LQG) where diffeomorphism covari-
ance followed as a result of (i) a diffeomorphism-covariant
choice of (state-dependent) triangulation, and (ii) by as-
signing state-dependent neighborhoods to each vertex of
the spin network such that this assignment was diffeomor-
phism invariant, we had to introduce several new ingre-
dients not the least of which was a new representation of
the diffeomorphism group. From the point of view of H i,
this representation is completely ad hoc (and not even
unitary); however, this is no longer relevant to us as in
our scheme, the “kinematical” arena (the space on which
quantum constraints are defined) is played out by V. It
is here where this representation is unitary with respect to
the canonical inner product. In addition to the new
representation for Diff(2) we also introduced a notion of
state-dependent atlas on 3. Roughly speaking the idea
is to fix an atlas U(Z, ¢,) for each reference charge nett
¢o (one reference charge network associated to each
diffeomorphism-invariant orbit [¢]gs of WEQO vertex-free
charge networks) and then for any & € [&lyr we defined
an atlas U(Z, &) associated to ¢’ by pushing forward
U(Z, ¢y) using ¢z, The new representation together
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with the state dependence of coordinate charts ensured that
extraordinariness of a vertex is a diffeomorphism-invariant
notion. This was crucial in establishing diffeomorphism
covariance of the Hamiltonian constraint.

The use of new representation of the diffeomorphism
group may seem worrisome as the canonical representation
used so far in LQG has been analyzed in great detail and
whose solution lead to generalized knot classes. In order to
analyze the validity of the new representation we consid-
ered solving the Hamiltonian constraint in 'V and ask if
the states obtained by ‘“‘formally” averaging over all
diffeomorphisms would agree with states obtained by aver-
aging over the preferred set. As we saw, for the (2 + 1)-
dimensional theory, these results do in fact match for a
subspace of kernel that we computed in Sec. VI. This
merely represents a small check on the validity of the
new representation of Diff(2) on V| ;. The issue how-
ever needs further investigation. As we have seen, the
requirement that a Hamiltonian constraint be diffeomor-
phism covariant on V7, is quite a stringent requirement
and certainly reduces the vast amount of ambiguity which
was present in quantization of H[N] presented in [7]. The
main source of ambiguity in the definition of H[N] was
in the determination of quantum shift vectors. As the
definition of quantum shift is regularization dependent, in
principle one can associate to each WEO vertex-free
charge network ¢ a different regularization scheme for
computing the quantum shift. However, as we saw above,
diffeomorphism covariance of H[N] requires determina-
tion of quantum shift only on reference charge nets in each
diffeomorphism-invariant orbit. For any other charge net
the quantum shift vectors are uniquely determined via
pushforwards.

Perhaps the most unsatisfactory part of our construction
is that our final definition of quantum constraints (or finite
transformations generated by them) depends on various
auxiliary structures. We list them below.

(1) The choice of reference charge network ¢, in each

orbit of WEO vertex-free charge nets.

(2) The choice of the subcategory in [¢]y Or equiva-
lently choice of set of diffemorphisms ¢; - asso-
ciated to each diffeomorphism-invariant orbit.

(3) The choice of coordinate atlas U(Z, &) for each &.
These structures can also be thought of as the data parame-
trizing quantization ambiguities which are input in the
definition of quantum constraints.

A key open question is if the use of this auxiliary
structures is viable. The final answer to this question can
only be obtained by looking at expectation value of
observables in the physical Hilbert space which should
not depend on any ad hoc intermediate structures.

We believe that the work we have done here admits a
possibility of generalization to Euclidean quantum gravity.
An extremely important aspect to keep in mind here is that
the geometric action of Hamiltonian constraint in a SU(2)
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case can also be understood in terms of phase-space-
dependent diffeomorphism on the dynamical fields [15].
In light of this result one could seek a quantization of
Hamiltonian constraint in SU(2) theory with the key lesson
being provided by Eq. (100). The structure of internal
indices shows a tempting possibility of how the extension
to SU(2) may be possible.

In any event we believe that some of the lessons we
have learnt here as well as in [7] together with the lessons
learned in [8,16] will have implications in defining quan-
tum dynamics in canonical loop quantum gravity.
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APPENDIX

In this appendix we prove a lemma which is used
crucially in Sec. VA.

Lemma A.1: Let ¢4, ¢ be WEO vertex-free states and let
cy € [E4];, ¢ € [C];. If for any diffeomorphism ¢

bepe,Ca € brge [l (A1)

then ¢4, = ¢.

Proof: Without loss of generality we assume that i = 1.
We will also assume that ¢ has only one WE vertex. That is,
3 a vy € V() such that (v, vy) is the WEO pair in ¢ with
v(, being a WEO vertex of type 1.

We also recall some notations from Sec. II.

(1) Ascy € [E4];

ca = (car, Caps €a3)- (A2)
(2) Any ¢’ € ¢z 4.c - [€]; is of the form
' =(dspc b E3) (A3)
Hence we have
Cpj=¢; fori=273. (A4)
Thus we have the following:
Dz, h-2.(Cats €2 C3) = b g.:(cy, €3, C3), (AS5)

(Car, €2, C3) € [Claite, Ca1 7 Ci.
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As (64 UEUE) Cylc UG UE), T a (61,6,0)
Y(¢,U&Ué&)| C y(c;UE,UE3) such that

Dz, 62,(Catr Cans €a3) = @ - (1, T2, C3)

= ¢4.:(C1, 02, C3),  (A6)

where (as a trivial consequence of the above equation)
we have

(1) (¢4, &, ¢3) is gauge invariant.

(2) (¢4, &,, ¢3) has no WEO vertex.
But from the above lemma we know that there is a unique
charge network contained associated to (¢, ¢, ¢3) which
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satisfies the above two conditions, and that is ¢. Whence
we have

bz, pc,(Cat, €2, C3) = b - (Ca1y €2, E3) = g .2(Cy, €2, C3)

= G i=¢C (A7)
Hence

(A8)

o
=
|
o

QED.
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