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Abstract

Although an important issue in canonical quantization, the problem of representing the constraint
algebra in the loop representation of quantum gravity has received little attention. The only
explicit computation was performed by Gambini, Garat, and Pullin for a formal point-splitting
regularization of the diffeomorphism and Hamiltonian constraints. It is shown that the calculation
of the algebra simplifies considerably when the constraints are expressed not in terms of generic
area derivatives but rather as the specific shift operators that reflect the geometric meaning of the
constraints.

PACS: 04.60.4+n
Keywords: Canonical quantum gravity; Quantum constraint algebra

1. Introduction

A key problem of canonical quantization is the incorporation of the classical con-
straints. In general, we have to expect that there are many different and in their outcome
genuinely inequivalent ways to import classical symmetries into a quantum theory (for
a recent example, see Ref. [1]), and a famous example for the resolution of such am-
biguities is the critical dimension of string theory. How to define and how to regulate
the constraint operators is directly related to the representation of the constraint algebra
in the quantum theory. Typically, the constraint operators are not uniquely determined
by the classical constraints, and demanding well-definedness of the quantum constraint
algebra is an important restriction on the choice of representation.
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Here we study the constraint algebra of vacuum general relativity in 3+1 dimensions
in the framework of Dirac quantization, in which the classical constraints C are elevated
to quantum operators C and imposed as operator relations on the wave functions,
Cy = 0. Given a definition of the constraint operators, the question is whether there are
anomalies in the constraint algebra, and if so, how to treat them. Currently there are no
rigorous results about the constraint algebra of quantum gravity because of difficulties
to define the constraint operators, e.g., issues of factor ordering and regularization arise.

In the canonical formulation of vacuum general relativity there are two types of
constraints, the three-dimensional diffeomorphism constraint D and the Hamiltonian
constraint H, which satisfy the following algebra:

{D(v),D(w)}=D(L.w), (1)
{D(v),H(N)} = H(L,N), (2)
{H(M),H(N)}=D(g"w,), (3)

where wp = Md,N — NopM, g"" is the inverse three-metric, v and w are vector fields, and
M and N are scalar densities of weight —1, all on a three-manifold which we choose
to be compact.

The constraint algebra of general relativity has two important features. First, the
algebra closes but only for structure functions containing one of the geometric variables
in (3). And second, neither D nor H form an ideal, and therefore one cannot construct
a reduced phase space with respect to just one of the constraints. For example, the
diffeomorphism constraint would form an ideal if the constraint on the right-hand side
of (2) was D, but as it stands, there are no invariant subspaces that are necessary for
phase space reduction.

For canonical quantization of general relativity a very fruitful approach has turned
out to be the Rovelli-Smolin loop representation [2] based on the Ashtekar variables
[3,4]. For a motivation of the loop representation and a discussion of its strong and
weak points, see for example Ref. [S5]. In this paper we focus on the technical problem
of how to construct the quantum constraint operators in the loop representation, and
present a formal calculation of the constraint algebra in the loop representation.

The loop representation, in which states are functionals of loops, can be obtained
from the connection representation, in which states are functionals of the Ashtekar
connection, through the so-called loop transform. We introduce a for our purposes
particularly convenient form of the constraints via the transform. The level of our
discussion remains on the same heuristic level as the original attempts to define the
constraints [2,6-8]. In particular, the loop transform is not defined rigorously. Although
there now does exist a rigorous definition of the two representations and the loop
transform based on distributional connections [9], which brings about certain changes
to the whole formalism, it is not yet known how to treat the Hamiltonian constraint
rigorously. Note that the constraint operators in the loop representation can also be
obtained without the loop transform directly from the Wilson-loop variables, with the
same result [10].
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The definition of the constraint operators requires a regularization, and we use a
point-splitting regularization. The problem with point splitting is that it introduces a
background dependence which breaks diffeomorphism invariance and which survives
in the limit that the regulators are removed. Further problems are that the constraint
operators should act on a Hilbert space of states, but we do not have an inner product,
and that the reality conditions of the Ashtekar formulation have not been implemented,
and the constraint algebra of complex relativity might differ from that of real relativity.
There have been important advances on these three issues (see, e.g., Refs. [11-13],
respectively), but for the above reasons all calculations of the constraint algebra must
still be called formal. What can be explored, however, is what the current framework
predicts for the constraint algebra, and in the loop representation this is not a trivial
task.

One can distinguish four approaches to the constraint algebra in the loop representa-
tion:

(1) Recall that in the connection representation the constraint algebra does close on a
formal level without regularization [4]. One can hope that this feature is preserved
by the loop transform (which is as we already pointed out still problematic for
the Hamiltonian constraint). This justifies the route most commonly taken until
quite recently, namely to postpone the treatment of the constraint algebra in the
loop representation. Given the definition of the constraint operators in the loop
representation, one proceeds to study their kernel, to look for an inner product,
defines observables, etc., without taking the constraint algebra into account.

(i1) Given the definition of the constraint operators in the loop representation, the
constraint algebra is computed explicitly [6,14]. Blencowe [6] computes (2) only,
using the group action of diffeomorphisms. Gambini, Garat, and Pullin [14] give a
completely explicit computation of (1)-(3). The technical difficulties encountered
explain strategy (i). One problem is that the differential operator on the space
of loop functionals that appears in the Hamiltonian constraint [6-8], the area
derivative, is not very well studied, but now the machinery is available [15] that
makes [14] possible.

(iii) One attempts a two-step procedure, first solving the diffeomorphism constraint,
and then defining the Hamiltonian constraint operator only on the diffeomorphism-
invariant states. This is how sometimes the original Rovelli-Smolin loop repre-
sentation [2] is interpreted, namely as a theory of operators on knot invariants.
For example, in the rigorous approach based on measures on the space of connec-
tions modulo gauge [12,16], the measures are constructed to be diffeomorphism
invariant first, and one later attempts to construct a “diffeomorphism-invariant”
Hamiltonian constraint operator. An analogous approach is taken in Loll’s lattice
gravity, which has led to important insights for certain geometric operators [17].

From the perspective of the quantum constraint algebra corresponding to (1)-
(3), we have to observe that one cannot simply first impose the diffeomorphism
constraint without consequences for the Hamiltonian constraint, since, as men-
tioned above, the constraints are intertwined such that there are no ideals. Let
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us give a simple-minded example. Suppose that D(v)y = 0 and that H(N)
does not map states out of the kernel of D(v), i.e. D(v)H(N)¥ = 0. Then
[D(v),H(N)] =0, and by (2), H(L,.N) =0, which, since it holds for all v and
N, implies H(N) = 0. % That is, if we want to work exclusively on the space
of solutions to the diffeomorphism constraint, we have to consider the subspace
that is invariant under the Hamiltonian constraint, and then the constraint algebra
implies that this subspace must be the simultaneous kernel of the constraints.

If we want to define the symmetries of quantum gravity with the help of the
operator constraint algebra, we therefore have to implement the constraint algebra
before imposing the diffeomorphism constraint.

In this context it is perhaps worth pointing out that one of the main attractive
features of the loop representation, namely that a few non-trivial (formal) solutions
to both constraints are known, is not derived from a two-step implementation of
the constraints. Rather, one attempts to find the intersection of the kernels of the
constraints on the unreduced space of loop functionals [18].

(iv) One introduces (almost trivial) matter variables that allow the definition of a
preferred time slicing. The Hamiltonian constraint operator then turns into a proper
Hamiltonian operator, and the Wheeler-DeWitt equation into a proper Schrodinger
equation [11]. The main advantage is that the regularized Hamiltonian operator
is diffeomorphism invariant, which opens up a whole range of interesting topics
in diffeomorphism-invariant dynamics. The problem of representing the constraint
algebra is easily solved because only the diffeomorphism algebra remains to be
represented, the information about the Hamiltonian constraint is now contained
in the Schrodinger equation. In this sense, a preferred time slicing also defines
a two-step procedure. One should remember, and emphasize, however, that the
construction of matter clocks works only locally. The resulting theory is therefore
only an approximation to what is usually called full quantum gravity. It would
be very interesting to gain some control over the approximation, for example in
reduced models. Even so, the prospect of diffeomorphism-invariant dynamics is
very interesting, and may be physically quite relevant.

To summarize, one can either try to implement the classical constraints directly, (i)
and (ii), or to give a special treatment to the Hamiltonian constraint, (iii) and (iv). For
the latter, there are good motivations, like the observation that while the diffeomorphism
constraint is linear in the momenta and therefore generates a type of gauge symmetry,
the Hamiltonian constraint is quadratic in the momenta and does not possess simple
gauge orbits. Also, to obtain the conventional interpretation of time in quantum gravity
a special treatment of the Hamiltonian constraint may be necessary.

Here we do not choose to treat the constraints differently, but want to explore as in
(ii) whether the classical constraint algebra has a complete representation in the loop
representation of canonical quantum gravity. To state the outcome of the calculation, the

2 We thank A. Rendall for pointing out how a partition of unity allows one to extend the local integral of
L, N to the manifold such that any test function M may be written as £, N for some v and N.
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resulting algebra maintains the structure of the classical algebra with a particular choice
of factor ordering for D(g%w,), which becomes necessary because of the presence of
the metric. The level of rigor is equivalent to that in the connection representation, and
upon removal of the point splitting there are no anomalies. Let us point out that the
formal nature of the point-splitting regularization does not allow us to decide whether
there actually are anomalies in the constraint algebra of quantum gravity.

Our contribution is to show that starting with a different form of the constraints the
result of Ref. [14] can be obtained in a simpler manner. The simplification comes about
by the observation that the constraints are not just based on generic area derivatives,
but rather on more specialized geometric operators, certain shift operators. This makes
the algebra manageable to the extent that the point-splitting regularization can now
be studied further along the lines of Ref. [19], where the removal of the regulators
is examined in detail for the constraint algebra in the connection representation. In
terms of shift operators, the constraint operators may in fact be compatible with the
rigorous regularization techniques coming from distributional connections, with which
it is particularly hard to represent the field strength of the Ashtekar connection that
directly corresponds to the area derivative via the loop transform.

The paper is organized as follows. In Section 2 we define the constraints in the
connection and the loop representation and discuss the point-splitting regularization. In
Section 3 we introduce the basic loop derivative commutators. Section 4 contains the
calculation of the constraint algebra in the loop representation. In Section 5 we conclude
with a few comments.

2. The constraints and their representation

The constraints of quantum gravity in the loop representation have been derived in
various ways [2,6-8] with essentially the same result®. Since our method to compute
the constraint algebra depends crucially on the form of the constraint operators, let us
give a brief derivation via the loop transform.

The Ashtekar variables are a connection Ai,(x) and a vector density E%(x) of weight
one, both complex, on a compact three-manifold . Tangent space indices are denoted
by a, b, ..., internal indices are denoted by i, j,.... The internal gauge group is SU(2),
and following Ref. [2] we choose generators 7' such that

(7,77} = e’*7*, (4)

The algebra-valued variables are obtained by contraction, e.g., A, = AL7. The inverse
metric is given by

¥ Based on Ref. [2], the constraints can be obtained through the loop transform or directly from the loop
operators. In Ref. [7] the transform is used. In | 8] the constraints are derived from the loop operators and
shown to be equivalent to Ref. [7]. The very first derivation of the constraints in closed form in |6] can be
understood as a hybrid of the two methods, giving the same result { 10].
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ggab = EaiEhi, (5)

where g is the determinant of g, (insuring the correct density weight).
The constraints of general relativity which satisfy the algebra (1)-(3) are

D(v) =/d3xu"EbiF;h+G(u), (6)
H(N) = / d*x Ne" E“ BV F (7)

The vector constraint | dx U”Ebtiib generates diffeomorphisms up to an internal gauge
transformation, which is compensated by the term G(v), and a gauge-depending term
also appears in (3). (The sign convention for the Poisson brackets in (1)—(3) is
opposite to that of Ref, [4].)

In the connection representation, wave functions are functionals of the Ashtekar con-
nection, ¢[A], and the operators corresponding to the connection and the triad are
represented by

Al(x) = Al(x),  E%(x) = ——.—5—, (8)
OA! (x)
where 7t = 1 and a complex i has been absorbed in the definition of E%.

The first non-trivial issue we have to face is regularization. While the type of point
splitting that we use has been commonly applied in many places, let us proceed slowly
since there are different prescriptions for the order in which the various regulators have
to be removed.

The necessity for regularization arises at this point because the metric and the con-
straints are products of operators at the same point. We introduce a point splitting based
on a background metric and a regulator f(x,y) satistying

lim fe(x,y) = 6% (x,). (9)

For the calculations that follow we fix a coordinate system and require that f.(x,y) is
a smooth function of x — y.

As discussed in Refs. [20,21], which refer explicitly to the constraint algebra, a
‘full” point splitting should be applied, that is, all points that appear in an operator
product should be split. See also Ref. [22], where it is shown that only in a particular
factor ordering is the connection representation related to the loop representation, and
that the vector constraint in this factor ordering only gives rise to diffeomorphisms
in the connection representation if a symmetric point splitting, fe(x,y) = fe(y, x) is
employed. Following these considerations we define the operators

ab 3, 3 g 1
g (x) = /d»/dzfe(x v)fe(xm)aA,(v)sA( s (10)
D)= /d* /d*yffu v)L"(x)aA,( SFi,(5) + G(0), (n
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8
SAL(Y) 5AY(z2)

H“/(N)=/d3x/d3y/d3z fe(x,y)fef(x,z)N(x)ei~ik Fakh(x).

(12)

For the particular calculations that follow, some of the regulators can be removed
since there do not arise singularities that require them. (As just recalled, this is not true
for the vector constraint algebra in the connection representation.)

The transition to the loop representation is made via a formal transform, the loop
transform

winl =/’DAtrU,,t//[A], (13)

where Uy, is the holonomy matrix of A/, around the loop 7,

U,=PpP exp/dsﬁ"(s)Aa(n(S))- (14)

In order to transfer the operators that we are interested in in the connection repre-
sentation, Oc, to operators in the loop representation, Oy, one performs a formal partial
integration for any occurrence of a functional derivative with respect to A’, so that

ar

Oupln) = /DAtrUnoczp[A] =/DA(OgtrU,,)¢;[A]. (15)

All that is needed for an explicit definition of O, as loop operator is a transfer relation
of the operators on the Wilson loops that expresses the operation on the connection
dependence of the Wilson loop purely as an operation on its loop dependence,

Ot U, =0t Uy, (16)

This construction is directly applicable to the metric and the constraints. The Wilson
loop satisfies

8
oA U= / ds 8 (x, () A ()r(Ugm), (17)
8 .
e " Uy =0 () Flp(p(s)tr(UgT)), (18)

where Uy, denotes the holonomy from n(s) once around the loop. Variations of the
Wilson loop with respect to the connection and the loop are not completely unrelated,
and for the operators under considerations there exist transfer relations precisely because
of that. In fact, (18) is the one transfer relation we need, relating the loop derivative on
the loop representation side with the multiplication and insertion of a field strength on
the connection representation side.

At this point it turns out to be quite advantageous to introduce a new piece of
notation. Let T! be the loop operator that inserts a generator at parameter value s into
the holonomy,

TirU = tr U, (19)
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Partial integration as in (15) and evaluating the functional derivative with respect to the
connection as in (17) leads to

D()y7] =/DA (/dsu"(n(s))ﬁ”(s)F;h<n(s))r§trUn> YAl (20)
Heo (Nytn) = [ DA (/d‘x/ds/drfeu,n(s))fe(x,n(t))N(x)
><77"(s)f;”(t)e’-"'T!T;fth(x)trUn) YA, (21)
84 ()] =/DA (/ds /drfax,n(s))fe/(x,n(r))

xﬁ"(s)ﬁ”(t)r-jrhrU,,) WAl (22)

We have removed the regulator in D(v), and G(v) does not contribute since the Wilson
loops are gauge invariant.

A single insertion operator could be transferred to the loop representation by intro-
ducing functionals of loops with a marked point, T/t¥[5]. Such an extension is not
necessary if the insertion operator 7' is combined with a field strength as in D(v), or if
there are two insertions as in g%, or if there are two insertions and a field strength as in
H(N). The double insertions that arise combine due to the trace identities for SL(2,C)
matrices to the following rerouting operations:

TTwU= 3wl - YU, U, (23)
EFTITw U =Lt Ugtr Uy — Uy 7 Uy (24)

where Uy, denotes the parallel transport from s to t going around the loop in the positive
direction. That is, if s > t, Uy, = Uy Uy,. Note that the resulting holonomies in (21),
(22), e.g. trlUy, in general refer to open paths, which however reduce to closed loops
in the limit that the regulator is removed.

As demonstrated, taking two derivatives with respect to A, leads to the well-known
rerouting of the loop at intersections in the loop representation. The rerouting in g and
H(N) is by no means a trivial side effect but actually crucial for the definition of the
operators and the closure of the constraint algebra. The Hamiltonian constraint includes
differentiation as well as rerouting. The trace identities capture the fact that the internal
gauge group is complexified SU(2) and not some other group.

The rerouting has to be denoted in some way, and we find it simplest to not resolve
the insertion operators into rerouted loops whenever possible. For example it is then
irrelevant whether s < r or t < s, and where the parameter origin of the loop is (as
opposed to Ref. [14]). This turns out to be an important technical point, since the
use of insertion operators allows us to separate the rerouting operations from the other
calculations and lead to a significant simplification.

Whether we work with reroutings or insertion operators, we have to deal with the
case s = t. Note that for a given s, tr U, 7U,7* is a function in ¢t with a finite step
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discontinuity at r = s. The integrations in the metric and the Hamiltonian constraint
are evaluated by considering left- and right-sided limits, [ds [dt = [ds [} dr+

[ds [} dr.

Note also that the product T!7/trU has no intrinsic meaning, since it is not clear
where the second insertion has to take place, before or after the first, but the left- and
right-sided limits TiT‘ji are well defined. Therefore, we define insertion operators on
general loop functionals that produce functionals of loops with a marked point, T¢[7],
and that inherit certain trace identities from the 7'. In particular,

(T, T/1=0, fors #1, (25)
(74,701 =T T) ~TL T, (26)
[TI.T/] = €T} (27)

The transfer relation (18) can be directly applied for D(v) and g‘f’i’,(x). For H(N)
there remains the problem that, as given in (21), the field strength is evaluated at x and
not on the loop as required in (18). One can either introduce at this point a more general
type of loop derivative, namely a path-dependent area derivative (cf. Section 3.1), or
use that in the integrand

(X)) = Fiy(n(1)) + O(€') ~ Fly(n(1)). (28)

All our calculations (and those of Ref. [14]) are performed only to leading order in
the point splitting.

The transfer relation (18), the commutator (27), and attaching the field strength to
the loop (28), allow us to arrive at our final form for the metric and the constraints,

0
D(u)=/dsu”(n(s))5n(—,(§, (29)

Heer(N)=/d3x /ds /dtff(x,n(S))

X fer (x,p()T(S)N(p(NTIT T/, (30)

Sna(t)’
() =/ds /dzfe(x,n(s)>f5/<x,n(z))f;“(sm”(zmr-f, 31)

where in (30) we have assigned the marked point property also to the loop derivative.

The constraints in the loop representation that we have derived are equivalent to the
standard result [6-8]. Apart from notational differences for the rerouting, and order of €’
differences in the regulators, there is, however, one very important technical difference.
The loop derivative that we introduce for the transfer is not the area derivative, but just
a special case thereof, the ordinary functional derivative with respect to the loop, which
has the geometric interpretation of an infinitesimal shift operator. Considering the other
approaches, it is not clear why the functional derivative should suffice, and we show
below that for the removal of the regulator one is forced to introduce the area derivative
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at generic kinks of the loop. In order to arrive at the above form we had to take special
care that the tangent vector to the loop is always at the same point as the field strength
as in (18).

3. Loop derivatives and some basic commutation relations

Before moving on to the computation of the commutators of the constraints, we take
a more detailed look at the loop derivatives that appear in the constraints, and analyze
the basic commutators of the derivatives and the rerouting operators.

3.1. Commutators of loop derivatives for smooth loops

The basic commutator for the computation of the constraint algebra is that of two
functional loop derivatives,

) 1)
o) ap ) (32
While this commutator vanishes, the commutator of two area derivatives does not vanish,
which is a good reason to attempt to rewrite the Hamiltonian constraint in terms of
functional derivatives. Let us discuss this important point in more detail.

The area derivative of a loop functional [%] is defined by appending to % an
infinitesimal loop ¥° with area element o**(y%) = O(1/8%). In its general form, the
area derivative depends on a path 7% (and its inverse #¢) from the point o at which all
loops 7 are supposed to be based to the point x where ¥® is attached. The definition of
the path-dependent area derivative is

ylmy’mn] — ¥in)
Uab(yﬁ) ’ (33)

A ()b (] = lim

where juxtaposition of loops denotes attachment of the loops at the base point (see
Ref. [23] for a rigorous discussion).
From that definition follows the basic commutator used in Ref. [14],

(A (7)), Aeg (7)) ] = Aup () [Aca (7)) ], (34)

where the brackets on the right-hand side indicate action on the path dependence in 7,
only and not on the loop functionals. Note the peculiar form where the commutator of
two derivatives is the derivative of a derivative.

The area derivative that typically appears in the derivation of the Hamiltonian con-
straint does not depend on arbitrary paths but on portions of the loop on which the area
derivative acts. From definition (33) with 7} = ¥, x = 57(s) we have a definition for
the parameter-dependent area derivative,

¢y’ oy m] — ¢in)
0'“”(')/5) ) (35)

Aap () (1) = ap(n]p(m) = lim
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s

Fig. 1. Parameter-dependent area derivatives that act on different points of the main loop commute since it
does not matter in which order the infinitesimal loops are inserted.

Fig. 2. Two area derivatives at the same point do not commute since there is a non-vanishing contribution
when one of the small loops is inserted onto the other.

As remarked in Ref. [15], the parameter-dependent area derivative is naturally more
restricted in its applicability than the generic, path-dependent area derivative, but let
us point out that nevertheless it is all we need for the commutators of the constraints.
To be more specific, explicit calculation of the infinitesimal loop variations shows that
[Aa(s), 4.4(1)] is not expressible in terms of a parameter-dependent area derivative,
but we also find that

d
PP ()N Aap(5), Aa() ] = ~8(5,1) =Aac(5). (36)

One can peel off one of the tangent vectors obtaining a so-called covariant loop derivative
of an area derivative, but removing both tangent vectors does not leave a single area
derivative.

In pictures, parameter-dependent area derivatives commute if the infinitesimal loops
are inserted at different parameters of the main loop, Fig. 1, but there is a non-trivial
contribution if one of the small loops is inserted onto the other, Fig. 2.

To motivate the relation between the parameter-dependent area derivative and the
ordinary functional derivative with respect to a loop, compare the transfer relation (18)
with the Mandelstam equation,

A () Uy = Foo(p(s)) Titr Us,. (37)

All that is missing is the contraction with a tangent vector, and one can show that for
smooth loops

—_— = .h
677“(5) n (S)Auh(s)- (38)
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And as we already pointed out, the commutator of two functional derivatives vanishes.

To summarize, the three types of derivatives that we consider are in increasing order
of generality the functional loop derivative, the parameter-dependent area derivative,
and the path-dependent area derivative. They are related by (35) and (38). The basic
commutators are the more complicated the more general the derivative is, cf. (32),
(36), and (34).

This suggests that using parameter-dependent area derivatives already offers a sim-
plification over path-dependent area derivatives, but using functional loop derivatives
is even simpler. In Section 4 we compute the commutators of the constraints. It turns
out that most of the calculations can be performed on the level of the functional loop
derivatives, but at one point we fall back onto parameter-dependent area derivatives.
While it is not proven that it is not possible to perform the calculation exclusively in
terms of functional derivatives, it is a convenient approach.

As already emphasized, however, the Hamiltonian constraint is not just a derivative
operator, but contains a rerouting as an additional complication, which we address in
Section 3.2.

3.2. Commutators of loop derivatives on piecewise smooth loops

The loop representation allows continuous, piecewise smooth loops, which means
there may be kinks, n“(s~) # %“(s*). The area derivative is obviously well-defined
at kinks, e.g. (37) (that is, kinks do not prevent a loop functional from being area-
differentiable). As evident from 8/81%(s) = %"(s) 44 (), the functional loop derivative
is ill defined at kinks where 1'7"(3) does not exist.

For loops with kinks, integration around the loop as in [ ds%“(s) is defined in terms
of left- and right-handed limits the same way we resolved the ambiguity in TfT,j for
s = t. Even if one assumes that the loop argument of #[%] is smooth, action by the
metric or the Hamiltonian constraint introduces kinks at intersections. Recall that

g j 8 J 5 J

/1= - T,
7 67’]”([—)TI 5770((+) e

—, T} 39
() (39)

(

and hence the loop derivative is kept away from the kinks introduced by the rerouting.

But notice that there are now two limits involved. Suppose that there is a kink at #o.
In the limit that the regulators are removed, one of the terms in the Hamiltonian arises
for £ in (30) close to ty. We impose that the limit in the 1% has to be taken before the
limit of t — to. This means that always either 1~ <t <t <fyortg <t~ <t <tt.
This definition of the integrals in the metric and the Hamiltonian constraint together
with the point-splitting regularization, which led to our prescription for the positioning
of the loop derivative, insure that the constraints are unambiguously defined for kinks.

We therefore have for the commutators between reroutings and functional loop deriva-
tives for integrations of the type that appears in the constraints (i.e. with the appropriate
left- and right-sided splits in the range of integration)
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/ds/dtf(s 0T (40)
i —
/ds/dt/a’ug(stu)[ 57 [577(1(”,7}]]—0, (41)

/ds/dr/du/duh(s,t,u,Lv)[T;f[a—Trii(ﬁ,T;i],Ti,[ f( 3 T/1]1 =0, (42)

for continuous functions f, g, and A4 that maintain reparametrization invariance. For
example, (40) follows from [T/, T/] = 6,,€*T* as long as f(s,t) is assumed to be
continuous. That is, there are contributions from the commutators defined by the left- and
right-sided limits, but the integral is zero as long as these contributions are finite and have
support only on sets of measure zero. Of course, the reason why the commutators of the
constraints are not trivially zero because of (40)-(42) is that functional differentiation
can lead to distributional coefficients f, g or h.

Now we are ready to compute the constraint algebra. In Section 2 we promised
a demonstration that the unusual form of the Hamiltonian constraint, namely that it
involves only functional derivatives, reduces to the standard form with area derivatives
at kinks when the regulator is removed. We do not actually remove the regulator in this
paper, since this would involve several case distinctions for smooth portions of the loop,
kinks and intersections, but as an important example consider the Hamiltonian constraint
for a loop with intersections. Suppose 17(sq) =1 (tp) for sp < fp. One of the terms that
arises duc to the rerouting refers to ¥[n,,,]. i.e. for a generic intersection there is a
kink at s, fo. First notice that 4., (so)¢¥{n,, ] is well defined, in fact,

Auh(s())(v[/[n.\'”m] = Auh(t[))w[nmm]- (43)

Our definition of the Hamiltonian constraint gives rise to four terms with a functional
derivative given by the four orderings of #g, ¢, and t*. For example, for 15 <t~ <1t <
t+,

A, E%T‘ﬂ (st 21 = 1 (18) A (10 1 ). (44)
The point is that in the limit that the regulator is removed we recover the standard
result (see, e.g., Ref. [8]) that in the generic case, when the loops do not run smoothly
through the intersection but the tangent vectors 5“(s; ), ﬁ"(sg), 7“(ty ), and 7')“([3)
are all different, there are terms for which %¢(s)%”(#) 44 (2) cannot be combined into
loop derivatives since the area derivative and tangent vectors are located on different
legs of the intersection.

The form of the Hamiltonian constraint (30), and the prescription for the order in
which to take the two limits related to reroutings, is adopted precisely because it allows
us to always keep the area derivative and one tangent vector on the same leg so that
they combine to a functional loop derivative.
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4. The constraint algebra in the loop representation
4.1. Commutator of D(v) with D(w)

Given (32), we immediately have that

[(D(v),D(w)]¥(n]

/ds/dtu"(n(s))( 579() b(n(t))) 5 ”(t)dl[n]

/ds /dtw"(n(s))( 572 (5) h(n(t))) 5 b(r)lﬁ[ﬂ] (45)
:/ds (40 (5)) 2 (0(5)) = W (n(s)) e (1(5))) 5o T 48
=D(Lw). (47

The same calculation can be performed after replacing 8/87(s) by ﬂb(s)Aa;,(s), where
the non-vanishing commutator of the area derivatives cancels the contribution from the
variation of the tangent vectors. Much more involved is the direct use of path-dependent
area derivatives [ 14], where the non-vanishing basic commutator cancels together with
the variation of the tangent vectors and the path dependence in the area derivative when
the Bianchi identity for area derivatives is used. The basic structure in all three cases
is that the variation of the smearing vector fields gives rise to the relevant term in the
commutator without contribution from the other variations.

4.2. Commutator of D(v) with Heer (N)

By definition of the constraints and (41) we have

[D(v), Hee (N) ]

/a’ x /ds/dt /duN(x)v“(n(u))

o
(fe<x 7(5)) fer (x,n(1))5"(5)) T [5 ,,m,T,’J

577

/ /ds /dt /duN(x)fe(x n(s)) fer (X, (1))0“(s)
5 8

XT! 50" (0 () T 5 (48)
: a( ) n ! 5771)(14)
The functional differentiation of the tangent vector gives
é
/du e ) oS b(s) = —Lb(n(S)) =17(5) 3" (1(5)), (49)

while for the vector field
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5 5 y 5
[ st ) s iy = (1) s (50)

Since in the limit that the regulators are removed 7(s) =~ 7(¢), these two terms cancel
in the commutator,

[D(v),Hee (N)] /d* /ds/dt/duN(x)v"(n(u))

b J
Sna( (ff(x n(s)) fe(x.n())) 7 (S)T’[&’hm T (51)

For the functional differentiation of the regulators we obtain

S
/d3x /du N(x)u"(n(u))m(fe(x.n(S))fe'(Xsﬂ(f)))

= /d3x N[ = v"((5)) fer (x,n (D) dafe(x,m(5))

=0 ((0)) fe(x, () g fer (x.m(1))] (52)
= /d3x [0 () felx,m(5))du( N(X) fer (x,m(1)))
F0' (1)) feor (X, (1)) 8o (N(X) fe(x.7(5)))] (53)

:/d%c [0 2) fexem () dal N () fer (xom(1))
0,0 (x) fer (o ()N fulxam ()] (54)
=/d3X(U“(x)0aN(x) = N(x)0(x)) fe(x,mp(8)) fer (x.m(1)). (55)

We performed two partial integrations in order to remove the derivative from the
regulators, and we moved the vector field from the loop to x. Note that in general
V(Y38 (x —y) # v9(x)3,8°(x — v), and that we first removed the partial derivative
from the regulator before concluding v“(7(s)) = v9(x).

Since N is a scalar density of weight —1, £, N = v9d,N — Né,v“, and inserting (55)
into (51) we obtain the operator version of the classical Poisson bracket,

[D(U)»Hee’(N)] 2I{ee’(‘cl']\/)- (56)
4.3. Commutator of Hss: (M) with Hee' (N)

By definition of the constraints and (42) we have

H&&’(M) Hse (N)

/d* /d‘ /ds/dr/du /duM(x)N(y)

x fs(x,p(s)) for (x,n(t))n"(s)T!

. 5
x[ (fe(ron(u) fer (v (o)) 9" (w)) , TTEL

5771:(U) ’

T
87](!([)
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—(M &~ N,8—¢€,8 - €). (57)

Functional differentiation of the tangent vector gives

8 - b _‘_i R k\ ob
W a1 W0 == g SeOnm ()T, (58)

/dufe(v ()T,
=7 (DL m (TS, — fe (D) ST,
(59)

The second term does not contribute to the commutator since

M(xXYN(y) f5(x,n(s)) for (x.n()) fe(y. (1)) fer (¥, (V)
“NOMY) fe(x,m(s)) fe (x,n()) fs(y,n(1)) fs (y.m(v)) = 0. (60)

Therefore, the functional differentiation of the tangent vector in the commutator gives

/d-‘x/dﬁy/ds/dz/duM(x)N(y)fa(x.ms))f,s'(x,nm)

é
Xdafe (3 (0) for (o))" (0 OTUT T 55— e ),T:J
—(M — N,6—¢€8 —¢€). (61)

To remove the partial derivative from the regulator, we perform a partial integration in
v, and with approximations similar to (60),

/d‘x /d}yM(X)N()’)fa(x,ﬂ(S))f'af(X’U(f))ﬁafe()’,n(t))ff'(}"”'?(u))
—/d3x /d3.vN(x)M(y)fe(x,n(S))fef(x,n(t))aafa(.v,n(t))faz(y,n(u))

o~ ~/d3x /d3ywa(x>f5(x,n<s))fa(x,n(r))fe(y,n(z))ffwy,n(u))

(62)
> —w,(n(u)) fs(n(u),n(s)) fe(n(u),n(1)), (63)

where
w,(x) =M(x)d,N(x) — N(x)d,M(x). (64)

(w, is a covector density of weight —2, and w,fsfe has weight 0.) In (63) we
integrate over x and y keeping terms to leading order. Note that already in the definition
(30) of the Hamiltonian constraint one of the regulators can be removed without any
renormalization, say fe (x,7(t)) — & (x,7n(t)). But after integrating over x, it is then
not quite clear how to perform the necessary partial integrations in the commutator
algebra.

Functional differentiation of the regulators in the commutator (57) leads directly to
partial derivatives of regulators, which can be removed analogously, and we obtain for
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the full commutator (after appropriate renaming of integration variables and contracted
indices)

[Hé)‘ﬁ’(M)aHee’(N)]

~ —/ds /dt /duw(,(n(u))fa(n(u),n(S))fe(n(u),n(t))ﬁ"(S)ﬁb(f)

T A . 5
k Jr__ Tk 3] k pj I o
X ([TV’T\]TI [577[,(”) ’Tu] +T\th ’TI][anb(u) ’Tu]
Tk k J
+T\TI[[5T][7(M)’7~H]"TU]> (65)

A priori it is not obvious how the right-hand side of the classical Poisson bracket (3),

D( g"”wb), should be represented in the loop representation because of the operator

product of the metric with the generator of diffeomorphisms. Comparing the above with

the loop operators for the diffeomorphism constraint (29) and the metric (31), a natural

guess is that the reroutings in (65) combine to T_{T;"&/én”(u). This is indeed the case.
The first two terms in (65) cancel since with (27),

s _ . S
T T T/ T+ (T, T [ ——, T
(T8I Uy T+ TUTL T s T
= Uiy € TTT, + 4 TITT) (6)
=0. (67)

Note that the cancellation does not depend on whether §/8n”(u) is located at u™ or
ut.

However, the one remaining term cannot be simplified using the SU(2) commuta-
tor for the insertion operators, because resolving the order of the insertions puts the

derivative between the insertion operators,

é . é ; .0 ;
T T =TT, - Tf——T/,
[[67][7(”) u] l,l] 51)[)([4,‘) uoqn u 5nb(u+) "
; é i S

Ny A——— T S L 68

w- - 877[)(u_) u + u u 6n[,(u+) ( )

Of course, there are other identities to work with, but let us first consider the situation
in the connection representation, i.e. ¢[n] =tr U, and 6/877”(14) = ﬁb(u)Fc’,h(n(u) )T,
Then the rerouting simplifies according to

TITHIT, T T =TT} eMe Ty = TT/T) — TIT]T,, (69)
The important observation is that this result cannot be transformed back to a functional
derivative and some reroutings in the loop representation because in the first term
Fi,(n(u)) is contracted into an insertion at s, not u. In the limit that the regulators are
removed in (65), we have n(u) ~ n(s), and
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) 0
onb(u)’ Snb(u)’
As already discussed in Section 3.2, the reroutings in the Hamiltonian may split a func-
tional loop derivative into a tangent vector and an area derivative at different parameters.

While by definition of the loop representation its states have to satisfy the loop
transforms of all the SU(2) identities of the connection representation, i.e. in particular
(70), let us also indicate how (70) can be derived using the SU(2) identities in the
loop representation without resorting to the loop transform. For definiteness, consider
the case s <t < u. The rerouting operations that appear in (70) are

TITH [ T4, TI1 = 55 (u) Ape () TIT] — TIT! (70)

TITwinl =tyin] - Ygling Unyl, (71)
TL T @ne Uil = S lng Unil — Suinl. (72)

Marking the area derivative by the insertion of a small loop v, the claimed relation (70)
becomes

Y[ Umys U 77111')’] - l//['r]m Unus Unuyl + 1/’[771”7711177.:17] — Y (NN Nus¥ ]

= 2¢[n&l U ntlxntu'}/J - 2¢[nm U 7h-r77u.\-)’] + w [ 77>\'177m77u.\"y] - Q//[nm’n.\'rﬂtu'y] .
(73)

A simple systematic method to proceed, without introducing the complication of inverted
loops as in the standard spinor identity, can be found in Ref. [24]. First, use (43) of
Ref. [24] (there is a factor of two missing on the left-hand side) to resolve any
YlaByd] into a sum of loop states depending on multiloops where a single loop
contains at most three of the four loops a, B, ¥, and 8. Then use (40) of Ref. [24]
to rewrite any [ Bay] in some preferred order ¢[aBy] plus a sum of loop states
depending only on multiloops where a single loop contains at most two of the three
loops. Then our claim becomes

ly Un, Inenal — (ﬂ['}’ Ung U 771117711.\'] =0, (74)

which holds because ¥ is inserted on the trivial loop, and the area derivative of a trivial
loop dependence vanishes. Note that we used (43) for the area derivative at a kink
several times.

Given (70), the final observation is that in the commutator ﬁl’(r)ﬁ"(u)AhC(s) is anti-
symmetric under exchange of r and u, while the remainder of the integral is symmetric
under exchange of t and u. Therefore, the term in the integrand that does not reduce to
a functional loop derivative vanishes under the integral. Hence we have shown that

é
[Hss (M), Hee (N)] =~ /du W, (N (1)) g (n (1)) ——. (75)
: om"(u)

The result represents one of the possible factor orderings of the operator version of
D(w,g""), which appears in the classical Poisson bracket.
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5. Conclusion

We have confirmed the result of Ref. [ 14] that the constraint algebra of 341 quantum
gravity in the loop representation formally closes. There are two reasons for the com-
parative simplicity of our calculation. We were able to cast the Hamiltonian constraint
into a form involving only functional loop derivatives instead of area derivatives, and
we found a simple way to separate the rerouting operations from the other parts of the
calculation.

One direction for further research is to analyze the point-splitting regularization in
more detail, in particular to analyze the next-to-leading order terms [19]. This appears
to be necessary if one decides to take the point-splitting regularization seriously, since
one cannot remove the regulators in the definition of the constraints before computing
their algebra without running into inconsistencies related to the background dependence
of the regularization (also see the comment following (64)). Turning this observation
around, we avoid anomalous background-dependent terms in the constraint algebra by
postponing the removal of the regulators until the algebra is computed.

A related point is that if we remove the regulator, the Hamiltonian constraint consists
of discrete sums over kinks and intersections (no integrals involved) and integrals along
the loops for the acceleration terms [6,8,19]. The acceleration terms in a sense spoil
the simple picture that the Hamiltonian constraint only acts on intersections, which are
invariant under diffeomorphisms, although the background is present as an angle depen-
dence, and the acceleration terms depend on the background since they contain second
derivatives of the loop, 79(s). Sometimes one would like to argue away the acceleration
terms, but notice that in order to obtain the integral on the right-hand side of the com-
mutator of two Hamiltonians, (3), and as is also apparent from Section 4.3, it does not
suffice to just consider the discrete sums corresponding to kinks and intersections. This
may still be consistent with a diffeomorphism-invariant scheme like that of Ref. [11],
in which acceleration terms do not appear, since, as we discussed in the introduction,
(3) is no longer relevant.

As a final remark, note that the rigorous framework based on diffeomorphism-invariant
measures [9,12,16] is well adapted to the generators of diffeomorphisms, but has prob-
lems with the area derivatives appearing in the Hamiltonian constraint. Therefore it may
be worthwhile to examine our form of the Hamiltonian constraint (30) in that setting.
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