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Abstract To adopt a practical method to calculate the action of geometrical operators on quantum states is a crucial task in
loop quantum gravity. In this paper, the graphical calculus based on the original Brink graphical method is applied to loop
quantum gravity along the line of previous work. The graphical method provides a very powerful technique for simplifying
complicated calculations. The closed formula of the volume operator and the actions of the Euclidean Hamiltonian constraint
operator and the so-called inverse volume operator on spin-network states with trivalent vertices are derived via the graphical
method. By employing suitable and non-ambiguous graphs to represent the action of operators as well as the spin-network
states, we use the simple rules of transforming graphs to obtain the resulting formula. Comparing with the complicated
algebraic derivation in some literature, our procedure is more concise, intuitive and visual. The resulting matrix elements of
the volume operator is compact and uniform, fitting for both gauge-invariant and gauge-variant spin-network states. Our results
indicate some corrections to the existing results for the Hamiltonian operator and inverse volume operator in the literature.

1 Introduction

As a non-perturbative approach to quantum gravity, loop quantum gravity (LQG) has made considerable achievements (see
[1,2] for review articles, and [3,4] for books). This theory rigorously enforces the lesson of general relativity and is built on
a strict mathematical foundation. In LQG, the quantum kinematical Hilbert space Hyi, was successfully constructed with
the spin-network states as its orthonormal basis. The elementary operators are the holonomy and flux operators. By suitable
regularization schemes, quantum geometric operators, such as the length, area, and volume operators corresponding to their
classical quantities, were well defined on Hyin [5—11]. The volume operator is a cornerstone on which some physical interesting
operators, for instance, the Hamiltonian constraint operator determining the quantum dynamics of LQG, can be constructed.

Itis well known that quantum dynamics is a central issue in LQG. There are two main approaches to the quantum dynamics,
based on the canonical and covariant quantization programs, respectively. In canonical quantization, the quantum dynamics
is determined by some quantum Hamiltonian constraint operator. In the covariant program the quantum dynamics is to define
areasonable transition amplitude. One expects that the quantum dynamics from the two different approaches can make same
physical predictions. Such an expectation has been achieved at least in 3-dimensional LQG to certain sense [12]. Although
some progress has been made for 4-dimensional case in checking the consistency between the two approaches [13—15], the
issue is not yet understood up to now. To understand the relation between the canonical and covariant quantum dynamics, we
not only need a suitable definition of the Hamiltonian constraint operator, but also have to calculate its matrix elements on
given quantum states. In the light of the seminal work by Thiemann [16,17], some mathematically well-defined Hamiltonian
constraint operators have been constructed in LQG. All of these Hamiltonian operators are defined by the volume operator.
There are two versions of the volume operator in the literature. The first one, based on “external” regularization scheme,
was introduced by Rovelli and Smolin in loop representation [8] and re-obtained in the connection representation [10]. The
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second one, based on the “internal” regularization, was firstly defined by Ashtekar and Lewandowski [10]. In [11], Thiemann
presented a rather short and compact regularization procedure to re-derive the second version of the volume operator. Playing
a crucial role in LQG, the spectra of the volume operator is pursued. Certain matrix elements of the volume operator were
calculated in the framework of loop representation by using a graphical tangle-theoretic Temperley—Lieb formulation in [18].
Then they were also derived in connection representation by a rigorous but tedious algebraic method in [11,19], and their
special case was re-derived using generalized Wigner—Eckart theory [20] as well as the graphical methods in [13,21-23].
Although those components of the volume operator are rigorously defined, the computation of their actions on spin-network
states are difficult. The main reason is the following. The volume element operator at a vertex v of a graph y reads V,, = \/|C}Tl .
Although the matrix elements of ¢, can be calculated using recoupling theory, the matrix has no obvious symmetries and
hence is difficult to diagonalize analytically for the case that the dimension of the matrix is bigger than nine. On the one hand,
the derivation of closed formula in [19] is rigorous. But there is no universal formula with so tedious and abstract method.
Thanks to the calculation of the matrix elements of the volume operator in certain special case, some matrix elements of
Thiemann’s Hamiltonian constraint operator and its generalization were derived in [21,22]. Later on, the matrix elements
was re-derived in [13], and then the formula in [13] was corrected by sign factors in [14,23] using graphical method. Matter
coupling is also an important issue in LQG. In the case of gravity coupled to a scalar field, the whole Hamiltonian constraint
operator was constructed [17,24]. The matter part of the whole Hamiltonian constraint operator usually contains the “inverse
volume operator”, which is defined by the co-triad operators. In the symmetric model of loop quantum cosmology (LQC) [25],
the analog of the inverse volume operator is bounded above. This fact is sometimes thought of as a reason for the singularity
resolution in LQC. In particular, it is shown in [26] that in spatially curved anisotropic models inverse volume effects may
become important to bind expansion and shear scalars. However, it is shown in [27] that the inverse volume operator with
certain ordering in full LQG is unbounded on the zero volume eigenstates (at a gauge-invariant trivalent vertex). This throws
doubt on whether one can generalize the conclusions of LQC to LQG. To understand definitely the inverse volume operator in
LQG and its relation to the analogs in certain symmetric models, it is necessary to calculate in detail its action on the quantum
states in LQG. There is no doubt that a simple and practical calculation method is desirable to further understand the volume,
inverse volume and Hamiltonian constraint operators.

As a powerful tool for practical calculation, graphic calculus has been introduced in LQG in a few papers (see e.g.,
[13,14,18,21-23,28,29]). These graphical methods are based on the graphical methods developed by Yutsis in [30], Brink in
[31], Varshalovich in [32], and Kauffman in [33]. In order to represent conveniently the Clebsch—Gordan coefficients, Brink
slightly modified the Yutsis’ graphical method by introducing a line with an arrow on it to represent “metric tensor”’. Comparing
to the Yutsis’ method, Brink’s graphical method is more convenient and has wider scope of application. Varshalovich’s method
gives a way to represent the Dirac’s bra and ket notation by introducing a line with an arrow outgoing from a node to represent
“ket” (state vector) and a line with double arrow coming into a node to represent the “bra” (dual state vector). The above
three methods are usually used to deal with the coupling problem of angular momentum in quantum mechanics. Moreover,
Kauffman introduced a graphical method for the Temperley—Lieb algebra. Kauffman’s graphical method was firstly used in
LQG in [18,21,22]. It is worth noting that Kauffman’s method was in fact used in [13] while the graphical notations in its
main text are similar to those in [22]. Brink’s graphical method was only recalled in the appendix of [13]. Then Varshalovich’s
method was adopted in [14,23,28]. Brink’s graphical method was also taken to study the propagator of spinfoam models in
[29], in which the graphical method was only used to calculate the action of the right-invariant vector field (the “grasping
operator”) on the intertwiners but not the action of holonomy operator. Graphical method was also introduced to quantum
reduced gravity in [34]. In this paper, the graphical calculus based on the Brink graphical method [31] and its suitable
extension! will be employed to study the volume, inverse volume and Hamiltonian constraint operators in LQG. Our aim is
in two folds. One is to show that the graphical method is suitable to calculate the actions of different kinds of operators on
spin-network states. The other is to cross-check the results obtained in the literature, on which some important applications
are based. This method consists of two ingredients, graphical representation and graphical calculation. The algebraic formula
will be represented by corresponding graphical formula in an unique and unambiguous way. Then the graphical calculation
will be performed following the simple rules of transforming graphs, corresponding uniquely to the algebraic manipulation
of the formula. A central goal of this paper is to derivate the closed formula for the matrix element of the volume operator,
which involves only the flux operator, based on the rigorous graphical method. Comparing to the algebraic method, our
derivation is obviously more compact and simple. Our analysis shows that the formula of the matrix elements for certain
cases in [19] is also valid for other cases and hence can be regarded as a general expression. Then we will consider the actions
of the gravitational Hamiltonian constraint operator and the inverse volume operator on spin-network states in the graphical

' A similar scheme is introduced independently at almost the same time by Alesci et al. [35].
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method. Both operators depend also on the honolomies in addition to fluxes. Note that, besides the regularization introduced
by Thiemann [16], other proposal for the regularization of the Hamiltonian constraint operator is also available [36]. On
the contrary to the conclusion in [27], our calculation shows that the inverse volume operator is bounded (zero-valued) at a
trivalent non-planar vertex of the gauge-invariant spin-network states, which is a non-trivial eigenstate with zero-eigenvalue
of the volume operator. This result opens a possible way to lift the result of singularity resolution of LQC to LQG.

This paper is organized as follows. Section 2 is devoted to a brief review of the elements of LQG. In Sect. 3, the graphical
method to LQG will be introduced systematically. In Sect. 4, we will derive the closed formula for the matrix element of the
volume operator by the graphical method. It is shown how the simple rules of transforming graphs tremendously simplify our
calculation. In Sect. 5, the construction of Thiemann’s Euclidean Hamiltonian constraint operator will be briefly reviewed,
and its action on gauge invariant trivalent spin-network states will be calculated by the graphical method. In Sect. 6, we will
compute the action of the inverse volume operator appeared in the Hamiltonian constraint for gravity coupled to matter field.
The results will be discussed in Sect. 7. In Appendix A, we will review the representation theory of SU (2) group, including
the notation of intertwiners and basic components of Brink’s graphical representation and some rules of transforming graphs.
The detailed proof of some identities and results in the main text will be presented in Appendix B and Appendix C separately.

2 Preliminaries

In this section, we briefly summarize the elements of LQG to establish our notations and conventions (see [1-4] for details).
The classical starting point of LQG is the Hamiltonian formalism of GR, formulated on a 3-dimensional manifold ¥ of
arbitrary topology. With Ashtekar—Barbero variables [37,38], GR can be cast in the form of a dynamical theory of the
connection with SU(2) gauge group. We denote spatial indices by a, b, c, ... and internal indices by i, j, k,... = 1,2, 3.
The phase space consists of canonical pairs (A, El.“) of fields on X, where Al is a connection 1-form which takes values
in the Lie algebra su(2), and El“ is a vector density of weight 1. The densitized triad El“ is related to the co-triad e, by
El“ = % gabeg; jke',ﬁ e’g sgn(det(eil)), where €4¢ is the Levi-Civita tensor density of weight 1, and sgn(det(eé)) denotes the
sign of det(efi). The 3-metric on ¥ is expressed in terms of co-triads through ¢, = ei,efj&' 7. The only non-trivial Poisson
bracket reads

[AL (), EY () = kB8}858° (x, y), @2.1)

where k = 87 G, and p is the Barbero—Immirzi parameter. The behavior of the connection under finite gauge transformations
is

A A% =—(dg)g™" +gAg. (2.2)

The fundamental variables in LQG are the holonomy of the connection along a curve and the flux of densitized triad through
a 2-surface. Given an edge e : [0, 1] — X, the holonomy /. (A) of connection A! along the edge e is

S| 1 1
he(A) := Pexp (/ A) =1 +Z[ dt xf dt2~--/ dt, Ae(tr)) --- Ale(ty)), (2.3)
e n=1 0 1 th—1
where A(e(t)) = ¢ (t)AZ (e(t))T;, with ¢%(¢) being the tangent vector of e, and 7; := —io; /2 (with o; being the Pauli
matrices), P denotes the path ordering which orders the smallest path parameter to the left. The holonomy #4,(A) is the unique
solution h,([0,;=11)(A) of the parallel transport equation

dheo,1)(A)

” = heqo,n)(A) A(e(1)) 2.4)

with the initial value %, [0,0))(A) = I>. Define a combination o of two edges ey, e; satisfying e (1) = e>(0) as

e1(21), t €10, 5]

et—1, te[g1]° (2.5)

[e1 0 e2](?) := {
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and the inversion of an edge as

e (1) :=e(1—21). (2.6)
The holonomy (2.3) has two key properties

hejoes (A) = hey (A)hey (A),  he-1(A) = he(A)7. 2.7

The transformation behavior (2.2) of the connection A under a gauge transformation leads to the corresponding transformation
behavior of holonomy as

he(A%) = g(b(e)ho(A)g(f(e) ™", 2.8)

where b(e), f(e) denote the beginning and final points of e, respectively. The flux E;(S) of densitized triad El“ through a
2-surface S is defined by

Ei(S) = / €ancES, (2.9)
s

where €, is the 3-dimensional Levi-Civita tensor density of weight —1.

Consider a finite piecewise analytic graph y in X, which consists of analytic edges e incident at vertices v. We insert a
pseudo-vertex v into each edge e and split e into two segments s, and /, such that e = s, o le_l and the orientations of s, and
I, are all outgoing from the two endpoints of e. We call the new graph the standard graph obtained from the original graph
by splitting edges and adding pseudo-vertices. Denote the standard graph by y, the set of its edges by E(y), and the set of
vertices, containing the true vertices v and pseudo-vertices v, by V (y). Our following discussion is based on the standard
graphs.

To construct quantum kinematics, one has to extend the configuration space A of smooth connections to the space A of
distributional connections. A function f on A is said to be cylindrical with respect to a graph y if and only if it can be written
as f = f, o py, where p,(A) = (h(A), ..., h, (A)) and ey, ..., e, are the edges of y. Here h.(A) is the holonomy
along e evaluated at A € A and fy is a complex-valued function on SU(2)". Since a function cylindrical with respect to
a graph y is automatically cylindrical with respect to any graph bigger than y, a cylindrical function is actually given by
a whole equivalence class of functions f,. We will henceforth not distinguish the functions in one equivalence class. The
set of cylindrical functions is denoted by Cyl(A). The space Cyl(A) can be completed as the kinematical Hilbert space
Hyin = LZ(A, du,) with du, being the Ashtekar—Lewandowski measure.

Now let us consider the transformation behavior of the cylindrical function in order to understand the purpose of introducing
the intertwiner. The cylindrical function can be decomposed by the representations 7 j, (h.(A)) of h.(A) as

FrheMleceo) = @D |+ Q) 7ihea) | (2.10)

.7;{je}e€E(y) ecE(y)

where - stands for contracting operator. Under finite gauge transformations, the above equation changes to

frheaHkeso) = @D |+ @ (wile@) 7o) -, )"

fE{je}eeE(y) ecE(y)
= P |/ Q| R mew| @ mta) @ [ Q mie®™
J=lelecey L €V \ble)=v e€E(y) veV(y) \fle)=v
-1
= @ | X <@(z‘,{) -m(g(v))-i,{)- Q) 7. (he(A))
.7;{je}e€E(y) L veV(y) J e€E(y)
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03¢ (@ (iaj/>* 7, (g7 - ((i,{/)*)_l) , @.11)

GeV(y) \ J/

where in the last step we have employed the Clebsch-Gordan decomposition for the direct product of representations, i; is
called the intertwining operator (tensor) in the representation theory of groups [39] and its components is the complex conju-

7\ ¥
gate of (generalized) Clebsch—Gordan coefficients (CGCs) in quantum mechanics. Notice that i UJ and (i f{ ) are independent

for different vertices v, v € V (y) and different total angular momenta J. Hence we can use them to expand the tensor f 750
that the cylindrical function in Eq. (2.10) can be written as

FrtheMleceen = @ (DA Q i @ mithea)- & (zJ) . (2.12)

j=leleery U veV(y) ecE(y) veV(y)

The orthogonality of CGCs ensures that the cylindrical function f, ({h¢(A)}ecE(y)) in(2.12)is gauge invariant for J = J "=0.
Hence the tensor iUJ is also called the gauge-invariant (variant) intertwiner, associated to v, corresponding to J takes 0 (non-
vanishing value). The above discussion means that the basis of Hin is?

T,;:0 = Q) iv @ wihe(a) Q) ii. (2.13)

veV(y) ecE(y) veV(y)

where - stands for contracting the upper (or former) indices of representation matrices 7 j, (. (A)) with indices of intertwines
iy at true vertices v, the lower (or later) indices of 7, (h.(A)) with indices of conjugate intertwiners i at pseudo-vertices v,

and we denote i = {iv, i5}v,5ev(y)- The states (2.13) are called the spin-network states.
Given n edges with n spins ji, ..., j, incident at a true v, the matrix elements of the intertwiner i, associated to v read
(see Appendix A for detailed explanation)

- J;a M _(:J:a M
i, =\i;
mimy---mpy J1n miymy---my

= (=) X2 (MG | jimyjama - jam)
= (D)X=l N (ayko| jim jama) x {askslazkajsm3) -+ (] M|an—1Kn—1 jatn). (2.14)

where (JM; a | jimyjomy - -+ jum,) is the complex conjugate of generalized CGCs describing the coupling of n angular
momenta ji, ..., j, to a total angular momentum J in the standard coupling scheme (i.e., j; is first coupled to j» to give a
resultant ay, and then a; is coupled to j; to give az, and so on), and d = {ay, ..., a,—1} denotes the set of the angular momenta
appeared in the intermediate coupling. Notice that the intertwiner presented in Eq. (2.14), differing the factor (—1)/! Yl di=d
from CGCs, is more convenient to be represented in graphical formula. The matrix elements of the conjugate intertwiner i
associated to pseudo-vertex v at which two incoming edges with the same spin j meet are given by

(ig*)””” - (ig*)o"‘”z = (jn jna]00). 2.15)

The assignment of intertwiners to the true vertices and conjugate intertwiners to the pseudo-vertices is compatible with the
transformation behavior (2.8) of holonomy. The CGCs are usually chosen to be real so that

(Jumyjpma| I M) = (J M| jimy jom3). (2.16)

It is, therefore, not necessary to sedulously distinguish intertwiner from its conjugate when we do calculation. The gauge-
invariant spin-network states correspond to the states whose intertwiners in (2.14) associated to true vertices are specially

2 See Eq. (3.25) for the orthonormal basis of Hip.
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chosen such that the resulting angular momenta J = 0. The normalized gauge-invariant/variant states consist of the orthonor-
mal basis of the gauge-invariant/variant Hilbert space [40].
Two elementary operators in LQG are the holonomy and the flux operators. The holonomy operator acts as multiplication:

lhe, (AP - fy(hey (A, .. he, (A)) = 17200, (AD]” (o fy (ey (A). . e, (A)). 2.17)

Given a graph y and an oriented 2-surface S with conormal n;f , the edges of y can be split into two halves at an interior point
if necessary. Then one can get a graph ys adapted to S such that the edges of ys belong to the following four types: (i) e is up
with respect to S if é¢ (O)ng (e(0)) > 0; (ii) e is down with respect to S if & (O)ng(e(O)) < 0; (iii) e is inside with respect to
SifeNS = e; (iv) e is outside with respect to S if e N S = §. Then the flux operator acts on a cylindrical function f, with
respect to the graph y adapted to S as a derivative operator,

Ei(S) fy ey (A), ey (A)) i= =i [y ey (), e, (4D, Ei(S)
2B .
=L Y 0@ I fy e (A e, (A), 2.18)

er€E(y)

where £, = /7K, o(e, S) takes the values of 0, +1 and —1 corresponding to whether the edge e is inside/outside, up or down
with respect to the surface S, and

. d
Jop o [y (he (A, ... he (A), oo he, (A)) i= —i T

fy(he (A), ..., T he (A), ..., he,(A)) (2.19)
=0

t

is the self-adjoint operator of the right-invariant vector field on the copy of SU (2) corresponding to the /th edge.

3 Graphical method for LQG

Graphic calculus has been introduced in LQG in a few papers (see e.g., [13,14,18,21-23,28,29]). Here we focus on the
original Brink’s graphical method and its suitable extension to LQG.

3.1 Algebraic formula

In LQG, under different physical considerations, one needs to construct operators, e.g., the geometric operators and the
Hamiltonian operators, corresponding to their classical quantities based on the two elementary operators fzg(A) and J, L’ . The
action of those operators on a given spin-network state will involve the actions of the two elementary operators. The action
of he(A) on the spin-network states involves essentially the decomposition of the tensor product representation of SU(2),
which is well known as the Clebsch—Gordan series

mim N
@I, @™, = 0 (G17), < (i), 3.1)

J,M,N

N o
where (i J ) = (=1)/172=J(JN|jini jons). The fact that the operator i /{ is unitary and its matrix elements take
niny S

J1j2
real numbers results in

(6107, = (if{jz)mlsz- (3.2)

For a spin-network state Ty ;;(A) on a graph y, we consider a true vertex v € V (y) at which n edges ey, . .. e, incident and

J2

denote T; ; T'(A) the terms, in TV jfy;(A), directly associated to v. Then the action of the holonomy operator [fze ,( A)]BC on
TV ..(A) reads
y’] ’l
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. = M
ey (AN Ty = (i9) g eIl (e )™ [ e)] g ()T,

= (ivlza)mlmmlmmnM [, (he)T™ o Z ((1111/2) 1>m/1 " [n /(hel)] (“1/2) n s [, (R 1™

o
JpsmMysny

(3.3)

where [, (he)]1™, = [, (he, (A))]™, . On the other hand, the action of J! defined in Eq. (2.19) on T - .(A) reads
I nr el Vol

. d .
i = () n,»]<hel>]’"',,,~.(—z5tzo[nme”'he,)]'"'n,)--~[nj,,<hen>]m"nn

( )m1 — 7Tj1 (he)I™ o (_i [}, (T ™ w [}, (hel)]m/l n;) [, (he )™ .

J-G M /
= [(l )mm A m,)] [y eV - Ty eV - [, (e )™, L (B

which indicates that JLf , leaves y and ] invariant, but does change the intertwiner associated to v by contracting matrix
elements of the ith t with the intertwiner in the following way:

i (iTa M ga Mo m’
Ji (zv’ )m = (zv» ) (—l 7, ()] ’m,>- (3.5)
Loemy---my Mp---my---Mp

However, in practical calculation, it is not convenient to directly compute the contraction of matrix elements of t; with an
intertwiner. One usually introduces the irreducible tensor operators [41], or the spherical tensors of ;, to replace the original
7; for a reason that will become clear in a moment. The spherical tensors 7, (u = 0, £1), corresponding to 7; (i = 1, 2, 3),
are defined by

1
T0:=13, T4]:=F—=(11%in). (3.6)

V2

Then the contraction of matrix elements of t; with an intertwiner is transformed to that of their tensor operators with the
intertwiner. The matrix elements [ (ru)]m/ ,, can be related to the 3 j-symbols (or CGCs) by (see Appendix B.1 for a proof)

[nj(m]m/f—\/21(2]+1><2J +2>( / ’)c(,) : 3.7)

where C(m])’" = (=1)J 8, —m is the contravariant “metric” tensor on the irreducible representation space H ; of SU(2)
with spin j (see Appendix A.1 for a detailed explaination for the C E’]‘./)/’"/) [42]. The spherical tensor 7, generates the self-adjoint

right-invariant operator Je’f defined by

. d
Joy Sy(he (A), o hey(A), .o he, (A)) i= —i T Fy(he (A), .. € he, (A), ... he, (A)). (3.8)
t=0
J;a M
The action of J/; on (l )ml---m1~-m reads
_ M ~ M
w. (:J:a — (;7:a g . m
Jel (lv )mln-mlmmn (ZU )mlm/lm,, ( ! [Tr'” (TM)] ! mI) ’ (39)

Any gauge-invariant operator, e.g., the volume operator considered in this paper, defined by J's can be expressed in terms
of the corresponding J#s. Hence its action on the spin-network states is essentially equivalent to contracting 3 j-symbols (or
CGCs) with corresponding intertwiners.
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3.2 Graphical representation and graphical calculation

The basic components of the original Brink’s graphical representation and the simple rules of transforming graphs are presented
in Appendix A.1. In graphical representation, the 3 j-symbol is represented by an oriented node with three lines, each of which
represents a value of j, i.e.,

ms ma
. . . Js J2
J1 J2 J3 - m J1 d - m n_/
mq my nms j j
J2 3
ms my (3.10)
where — and + denote the clockwise orientation and the anti-clockwise orientation, respectively. A rotation of the diagram
does not change the cyclic order of lines, and the angles between two lines as well as their lengths at a node have no significance.
The “metric” tensor C r(nj,zn in Eq. (A.6) which occurs in the contraction of two 3 j-symbols with the same values of j is denoted

by a line with an arrow on it, i.e.,
c¥ 17" /A s J
mm = ( ) m—-m' = ( ) m—m' = pe———p/ > (311)

and its inverse in Eq. (A.7) can be expressed as
Cly = D = (1 G = e (3.12)

Summation over the magnetic quantum numbers m is graphically represented by joining the free ends of the corresponding
lines. The contraction of a 3 j-symbol with a “metric” is represented by a node with one arrow, which provides a way to
represent the CGC, e.g.,

(jamsljimy jomay = (=1)/ 7270 \/m(h J2 f/)cZ:;"*

mp Ny

my

=(- l)J] E ]z(ljllz)mlmz = 1)] o 23+l >_m3
(3.13)

To give a precise way of presenting the CGC as Eq. (3.13) is the main motivation for Brink to modify the original Yutsis

scheme [30,31]. Hence the intertwiner ( J; ") iy, M in Eq. (2.14) associated to a true vertex v, from which n edges are
outgoing, is represented in a graphical formula by Eq (A 38) as (see Appendix A.2 for a detailed interpretation)

el m, My m,

) M M .
(i) = (i) V2a; + 12T + 1 "L i
mymy--my,

Jin mymy-my [, M.

i=2 - a, [ J ’ (3 14)

Now we will extend Brink’s representation and propose a graphical representation for the unitary irreducible representation
mj of SU(2). The matrix element [7; (g)]’"n is denoted by a blue line with a hollow arrow (triangle) in it as

J

1", = - (3.15)

The orientation of the arrow is from its row index m to its column index n. For group elements such as the holonomies
he = h.(A) of the connection A along an edge e, their matrix elements can simply be represented by

J

[7;(h,)] n= m—%—n:: m f . (3.16)

The advantages of the above graphical representation are the following: (i) The edge and the irreducible representation of
the holonomy along the edge have been represented by the elements e and j labeling the line; (ii) the orientation of e with
respect to the vertices has been reflected by the orientation of the arrow on the line; (iii) the row index (the tensor index of ij)
and the column index (the tensor index of H ;) have been represented by the two indices m and n, respectively, labeling the

@ Springer



Eur. Phys. J. C (2017) 77:235 Page 9 of 52 235

starting and the ending points of the line; (iv) the matrix element [ (h,)]" ,, and the “metric” tensor Cr(n],)m in the graphical
formula are distinguished by different colors (blue v.s. black) and elements (two v.s. one) of the lines; (v) the coupling rules
of the representations of holonomies match Brink’s representations for the CGC (see Eq. (3.18)). By Egs. (2.7) and (A.57),
the matrix elements of the inverse of a holonomy can be represented by

-1\ n  _ ~) n'n _ et _ - i -
(7,1, = [rjCh)", = C [r(h)]™ +Cl = "= " J " 3.17)

The Clebsch-Gordan series in (3.1) yield the coupling rules of representations of holonomies as>
ml—.,— m} m J14J3 £ jifﬁ ! . m j1+j:3 < {37j1 -
= 2(2/3 VI P P =i+ T m b % :
g e ms mh 7 ms mh (3.18)
and
my —.,— mh J14J3 e Js J1 ! J14-J3 e Js—n
1 ni > > my - > > my
g = 2(213 PRV s s = Z(zjs +) Y W
My ———— m
: 72 ma ma mly (3.19)

(Ja

The action of [fle, (A)18 ¢ on the spin-network state T”JM(A) M [, (he)]™

[, (he, ) 1™ n, Can be represented by

te [njl (hel)]m n

nl.

v )ml--~m1---mn

lhe (A T" 1 A4) = 1—[ V27 + 1

The spherical tensor [ (Tu)]m/m in Eq. (3.7) can be represented graphically by

. " . I
, 1 — n l A .
[ri(x )™, = 3 V2j2j+D2j+2) |1 = 3 V2j2j+ D(2j+2) b
m 7 T+ / m m T - j m

(3.21)
Hence the action of JZ; on (i,/*%) P— M in (3.9) can be represented by
n—1
wo (0 M1 -
Tey (i) e = 5 V20@I+ D@+ 2)];[ V24 + 1V2T + 1
n,
2Y VA
X
Ji
M (3.22)

3 Similar calculus based on the Varshalovich method were used in LQG (see e.g. [14]).

@ Springer



235 Page 10 of 52 Eur. Phys. J. C (2017) 77:235

Up to now, based on the Brink original graphical representation and its suitable extension to the irreducible representation
of holonomy, the two elementary operators in LQG, the holonomy operator and the flux operator (essentially the self-adjoint
right-invariant operator), and the spin-network states of the kinematical Hilbert space have been uniquely represented by
corresponding graphs. Hence, in the graphical method, the actions of any well-defined operators in the kinematical space, for
instances, the volume operator, the Hamiltonian operator and the inverse operator considered in this paper, on a spin-network
state can be derived by the simple rules of transforming graphs (see Appendix A.2).

The starting point of our scheme is the so-called standard graph ystq, which is obtained from its original graph yore by
splitting edges and adding pseudo-vertices. We still need to show that the spin-network function associated to the original
graph yore is equivalent to the one associated to its corresponding standard graph ygq acting by an operator. Recall that the
standard graph ygyq is obtained from yor by the following procedure. We insert a pseudo-vertex v into each edge e of yYorg
and split e into two segments s, and /., such thate = s, o le_1 and the orientations of s, and [, are all outgoing from the two
endpoints of e. The standard graph yxg consists of the new segments s, and /,, the new adding pseudo-vertices v, and the (old)
vertices of yorg. We can transform the spin networks based on the original graph into those on its standard graph by explicit
transformation rules, and then find their relation. Consider an edge e with representation j in o starting from v and ending
at v’, assigning the intertwiners i, and i,/, respectively. We assume that the edge e in the original graph yr, is regarded as the
kth edge and the kth edge in the set of edges which incident at v and v', respectively, i.e., b(e) = b(ex), f(e) = f(e;,). The
relevant ingredient of a spin-network state associated to the edge e takes the form [see (A.39) for the graphical representation of
the intertwiner associated to v at which there are coming and outgoing edges, (3.16) and (3.17) for the graphical representation
of the holonomy]

|} VOIS Wy ey S B )
T g = T
B R
, |
- M o e, M i i
) — ;i (BT () oM I I [ (he)™
R P (@, )~~~mk~~~ [ﬂj(he)] m, (lV, ). = l i ’ (n
\ !
(G ™ 4 /
\ !
LT =i T
b Vo Wi e e 3,
| k1 ay i
e (3.23)
The transformation from o to ysiq induces the following transformation in the spin-network state:
o _ , p JER—— I R JER—— I N S
————— —_—————— - - a, _ A .
=i memmme —— s Jw =7 Jw =17
’ i = j
A K A K
I i
chj — — —
- - - b
schj
2 ¥ ScB)
G=j Je=1J
" —rmmme —_—— - Jr=1 Jr=1
—rmememm - Ay Ty
oo Tt . a T Tt e . T (3.24)

where we have used (3.17) in the second step and the rule (A.41) to remove two arrows in the last step. Repeating the above
procedure, we can transform the spin-network states associated to the origin graph into those corresponding to its standard
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graph. By this trick, we finally find out the corresponding relation of the spin-network states between the original graph yore
and its standard graph y4q. The intertwiners associated to the vertices of the origin graph is replaced by its standard formula,
and adding the pseudo-vertex v for each edge e with a divalent intertwiner is graphically represented by an arrow with an
orientation opposed to that of the original edge.*

We now show by the graphical method that the spin-network states can become orthonormal to each other. The normalized
spin-network state takes the form

T (A) = Q) i Q) V2 + L7, (he(A)) - Q) ik (3.25)

V.Jst
veV(y) ecE(y) veV(y)

The scalar product of the spin-network states is defined by

T“OQ“~_,T“°~_”?) - / djep (he) TOT (A) TR (A), 3.26
(e mem) o eel;[?) ui(he) TR (A T (A) (3.26)

where 7 is any graph bigger than y and ', | E(7)| denotes the number of the edges in 7, and du g (g) is the Haar measure on
SU(2). If y differs from y’, e.g., there is an edge e’ with spin j/, belonging to ¥’ but not y, then the orthogonality relation,

_ Si ,
/S o dup (g) [ (1 (1", = ﬁa’"“ Sun's (3.27)

implies that the corresponding integration in (3.26) becomes

/ dpn (he) [y, (he)1™ = 0. (3.28)
SU(_2) ¢ n

Hence the non-trivial result corresponds to the case y = . Thus (3.26) reduces to

T T =5, dpp (he) T (A) T (A
<)//,j/,l/ Vool ) Hug, V.Y SU(2)\E(17)\ l_[ l’LH( 6) }/,j/,l‘/( ) )/,j,l( )

ecE(y)
=y du (he) TIO (A) TI(A), 329
" /SU(Z)E(V) eel;[y) wa ) T 55 AT 55 (A) (3:29)

where in the second step we have used the fact that the Haar measure is normalized. By integrating over all representation
functions on the edges, one can obtain the contract of the complex conjugation of intertwiners with the corresponding
intertwiners at vertices. Thus we have

4 The intertwiner, a line with an arrow, associated to the pseudo-vertex v, is not normalizable since we adopt 7, (h.(A)) rather that its normalized
form /2 j, + 17, (h.(A)) in the spin-network function (see Eq. (2.13)). If the original spin network is normalized, the intertwiner associated to v

will automatically be normalized. Then it will be expressed as ﬁ times a line with a spin-j arrow in the graphical representation in Eq. (3.24).
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norm rnorm =5 5 LJa m -Jid M
szl 27 = Oyy esJe Ly Ly
YJE Tyl g, : my--m, my -,

ecE(y) VEV(y) my,- my
1. M Q M
= ., -J'd - Jid
_6)’!7’ l—l 6].«,]e l_[ Z (lv )mr..mn (lv );n]mmn N d, d_, . J
ecE(y) veV(y) my,,my, = —_—
n—1 v .
=6y || 60 [ [] y@ai+ D@a + DRI+ DRI+ | I
e€E(y) veV(y) i=2 Lo | u
a, @,y J
n—1
=Oyy 1—[ Ojerfi 1—[ néai,a;fSJ,J'éM,M'
ecE(y) veV(y) i=2
=6y [ ]| Sioie [ ] 60
ecE(y) veV(y)
= 6),,7/5;-),(%7, ,
(3.30)

where in the second step we have used the fact that the CGs (and thus the GCGs) are real, in the fourth step we have used Eqs.
(A.45) and (A.41). Note that the result of Eq. (3.30) is based on the premise that the intertwiners at the same vertex v involve
the same coupling scheme. If different coupling schemes at the same vertex were chosen, certain additional multiplication of
6j-symbols would appear in the result. If the spin-network functions are gauge invariant, correspondingto J = 0and M = 0,
the two Kronecker delta functions §; ;- and 7, will not appear in Eq. (3.30).

4 The volume operator

One of the important achievements in LQG is that the theory itself predicts that some geometric operators, such as area
operator and volume operator, have discretized spectra. Some volume operator was also constructed for spin-foam models
[43,44]. There are two versions of volume operator in canonical LQG. We only consider the volume operator defined in
[10,11], which passed the consistency check in the quantum kinematical framework and was used to define a Hamiltonian
constraint operator in LQG [16,45,46]. In this section, we will briefly review the construction of the volume operator. Then
the graphical method, introduced in Sect. 3, will be used to derive the matrix element of the volume operator.

4.1 A brief review of the construction of the volume operator

Classically, the volume function for a given open region R reads

1. o
§eukiabCEi“Ej?E,f , 4.1)

V(R) ::/d3x,/|det(q) :/d3x\/
R R

where det(q) denotes the determinant of the 3-metric g,5. To quantize the volume function, a suitable regularization procedure
is needed which involves smearing El" We now introduce the regularization adopted by Ashtekar and Lewandows in [10].

For given R € X, we fix a global coordinates {x?, a = 1, 2, 3} in a neighborhood of R in ¥ and partition P, of R into
a family % of closed cubes C with coordinate volume €3, For each C, one arranges three 2-surface S 1 82 63 defined by
x% = const?, intersecting in the interior of C. One smears these three densitized triads on those three 2-surfaces for each cell
C in a given partition to give a regularized version of (4.1) as [10]

1 .. - ~ -
ViR =Y \/ 'aewkgabcE,-(Sa)Ej(Sb>Ek(SC> . 42)
ce? ’

It is easy to see that (4.2) reduces to (4.1) as € — 0. The above regularization procedure is called internal because triads are
smeared over three surfaces passing the interior of the cell. It is straightforward to promote the regularized formula (4.2) to
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its quantum operator by replacing the fluxes by their operators. It is convenient to introduce the permissible partitions P!
(for sufficiently small €) adapted to a given standard graph y (see [10] for details). One then obtains the regulated operator

N DY 3 1 .
VAL (R -y =087 0 gy DL el erer)andl i Ik | fy. 43)

veV(y)NR ' ejNejNeg=v

where o(e;, ey, ex) = eapcoler, SHo(es, SP)o(ek, S€). Notice that the action of the regulated operator only depends on
the properties of these surfaces at v. Hence the result is unchanged as we refine the partition and shrink C to v and hence
the limit € — O is trivial. However, the limiting volume operator carries the information of our choice of partitions through
o(er, ey, ex), which depend on the background structure—the coordinates choice defining S*. By suitable averaging over
relevant background structures in (4.2), the well-defined, background-independent volume operator reads’

S 3 1 o
Vy(R) - fy = 53/32 Z ETISEE Z sler. ey, eK)Eiije’,Je]J JE - S (4.4)
veV(y)NR ’ ejNejNeg =v

where ¢(ey, ey, ex) = sgn(det(é;(0), e;(0), éx(0))) takes the values of 0, +1 and —1, corresponding to whether the
determinant of the matrix formed by the tangents of the three edges at v in that sequence is zero, positive, or negative.

4.2 The matrix elements of the volume operator

The volume operator acts on a spin-network state as

VT, () =682 Y : > sler.es.ex) drik| T, 37(A), 4.5)
veV(y) I<J<K,eiNejNex=v
where
Grok = —diei L 4 b = 4]0 08, 0 ol IE | = —i (1680 L, I 817 9L, 02y = 1683391, 32,80 L, I, )
- R ). @9
Here §;; := —2tr(z;7;) is the Cartan—Killing metric on SU(2). The action of the volume operator is local, in the sense

that its action is a sum on independent vertices. Therefore, we can focus on its action on a single vertex. The fact that the
pseudo-vertices are divalent and the self-adjoint operators J, é , actonly at the beginning points of e; implies that the summation
in Eq. (4.5) is only over the true vertices v of y.

Equation (3.4) reveals the fact that the operators ¢;; x and thus 1% only change the intertwiners iin T, ;.j(A). The operators
g1k acts on an intertwiner by contracting the corresponding matrix elements of t; with the intertwiner. Note that

50 04, - (i) Yo (i (<t or 8 g, 1
lyvervey Ly Ty ~H g 1 =\ Jr\*t mj JI\"] my

= M
-J'a) m v m’
=iy [, (1™, C iy [, (2)1™
( v ml"'m/I”'m/j'”mn JIA TR mp (1) JIATY m

)ml--~m’1»--m/1-~»m,,

.
- M
=—calay - (i) , @.7)
S

where in the second step we have used the following identity (see Appendix B.1 for a proof):

— [ (@™, 87 [, Y™, = [y, ()™, CHly Ty, (o)™, (4.8)

J

3> An overall undetermined multiplicative constant k,, was fixed as 1 by the consistency check of volume and triad operator quantizations [45,46].
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Hence the operator qujlf 17> and c}ff I?;JK ~ in (4.6) can be represented in terms of J# by
~<JK;I1J> . J:a 16C(1)Jp Je C(I)J[LJV J a M
d17k A\ povderdex v derdey Ly
myp--my--nj--Mmg--mMpy Mmyp--my--nj--mg--Mpy
. J;a M m’)
=16(i7 %) T, @I, O e a0l
i
!
X [njl(fp,)]ml (1) [ﬂjj(fﬂ’)] J ’;’ 4.9
, M , M
A<IJJK> ./;a) _ M) g v ~() 7o g0 <~];a)
i =16C,/JrJ> C,2JP J7 (i
q17k (v MU T I ]I -y pyrermes mpoTesTek Y AR YRRUNERUY SR

= M ”
=16(i7) @Ol CG g ol
m1~-~m,~~mj-~~mk~~mn

X [0, (01" €Y [y (w17 (4.10)

mg"*

With the above preparation, we now turn to the action of gy ;x on the intertwiner ( I “) m1»--m1~»-m/--~mK~»-m,,M associated to
a true vertex v in the graphical method. We first consider the case / > 2 and K < n, where a;_1 and ag will appear in the
final result. The other special cases will be dealt with later. According to Eq. (4.9), the first term in the parentheses of Eq.
(4.6) evaluated on the intertwiner (3.14) can be represented by the following graphical formula (we present only the parts of

the graph of the intertwiner which closely connect to the key steps in the following calculations):

~<JKLI> .(11 ) i
17K v Py T T,
o my mya M1 mx
n— . . . .
_ A<JK > \/— js jos jr—1 jrc
=4k | | 2ai+lNV2y+1 | [ [
i= — Qr41° Qg2 — J-1 = ay — Qj41 - AK -2 — aAg—1 —
m Mrs my_y m, Mg Mk mx
JJ|
- i - I
o, .l _ . N
= X(j1, N2 X, jx)? | | V2a; +1V2J + 1 i i, » s
2 L AR RO O i AR RO EN ) oY

s 1 4.11)

where X (j1, j2) = 2j12j1 + D(2j1 + 2)2j2(2j2 + 1)(2j> 4 2). Similarly, the second term in the parentheses of Eq. (4.6)
acting on the intertwiner can be expressed as

A<IJIK> M

)
1JK (v Py et

n—1

N -
= X(n j0)* X ji)? | | V2ai+ TV2T+1 i
r2 S — Ly 1o e WL T G
T T (4.12)
I ~<JK;1J> ~<IJ;JK> . . . ~
t is obvious that the two terms ¢, ;¢ and q; ;5 in (4.6) are gauge invariant. Hence the operator g;jx and the
volume operator (4.5) are gauge invariant. Each of them leaves the intertwiner space H?l n with the intertwiners as its
orthonormal basis, determined by the given ji, ..., j, and the resulting angular momentum J, at the vertex v invariant.
Therefore the action of ¢; sk on an intertwiner can be expanded linearly in terms of intertwiners in H” . at the vertex v. In

,,,,,

graphical language, they leave the vertical lines denoted by j; and the last horizontal line denoted by J 1nvar1ant but change
the intermediate couplings a; labeling the intermediate horizontal lines. Hence, in graphical calculation, our task is to drag the
endpoints of the two curves with spin 1 down to attach the horizontal lines, and then yank them away from the horizontal lines
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following the simple and rigorous rules of transforming graphs presented in Appendix A.2. Of course, there are alternative
ways, corresponding to different choices of coupling, to remove the two curves with spin 1. The results obtained from different
ways are related by unitary transformations. In the following, we choose a way guided by the simplicity principle that the
number of changed intermediate values g; is as little as possible and the final result is as simple as possible. The calculations of
the action of ¢ jx on a given intertwiner in the graphical method consist of four steps. We first consider the case that J > I+ 1
and K > J + 1 (the other cases will be handled later) and focus on the action of (}fJJ[f 17> on (i) a) M
LT eI o111

The four steps of our calculation are as follows (see Sect. 4 in [47] for details):

m; mig My my My 1 mx

e g
1 ljsc
i

K-2— QK-

mr

ms Mg myo my My My mx

N UL A TR (4.13)

In the first step, we have been dragging the two endpoints of curves with spin 1 attached to lines with spins j; and jg,
respectively, down to join with two horizontal lines denoted by spins a; and ag 1 by the following recoupling identities (see
Appendix B.2 for a proof):

J

1 .
Y S S , _aa-d+j J4-1 Jr o ar
= 2 DD A

ar-1 — aj

—— (4.14)
L | b, e+l JAK JK
+ _ ’ ax—b'_ +jk+
Y A G R g
e Pk (4.15)

In the second step, we have moved the two points labeled by (a}, ay, 1) and (ag—1, b/Kfl, 1), step by step, to the right-hand
side of (aj_2, jj—1,ay—1) and the left-hand side of (ay, jj+1, aj+1), respectively, by repeatedly applying of the following
identities (see Appendix B.2 for a proof):

—
a1 | ar ap

_ 7Jlm _ Z(za; + 1)(_1)a1’_]+a/,l+l(_1)(1/,176114’]} {,]11 a;71

1 1

(4.16)

Im

——T = D@,y + (=Dl () {J{“
L b

m—1

(4.17)
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where/ =I1+1,...,J —landm =K — 1,...,J + 1. In the third step, the identities (4.15) and (4.14) were used again to
drag the two endpoints of two curves with spin 1 attached to the line with spinj; down to join with two horizontal lines denoted
by spins a;_1 and ay, respectively. In the fourth (last) step, the two curves with spin 1 were removed from intertwiners by
the identity (see Appendix B.3 for a proof)

¥, a) — ar = b U \d—ag+l 6(1'!,/,'/ v
—Ej—’—_(l), 7 1 1% .y,
! a; + (4.18)
and we have summed over b, _, and @/, and relabeled the indices b’ by a’. Hence the action of the operator §; lef 17> on the
J;a M
intertwiner (i, ) reads
my---my
~<JKiLT> (ij;ﬁ) M
1K L
o far- i1 a
= 3 Ca+ 1)(—1)“1-'-“z+ﬂ{ P .’}
() 1 [
oy . from the first step
—d, 4] ag  Jk  4k-1
X(2d,_, + 1)(—1)% -1tk f .
K-1 1 de,
- a, a;
X (= 1)U a1+ 2 i H Qd) + D)(=1)ram+! Jll -1 !
l—[+ a ar—q f
. , , rom the second step
X (= 1)1~ Zn g1 Jm H Qd,_, + 1)(= 1)1+l Jm o yy Ay
m=J+1 am  Am-1
X{alj jJ aj- }( 1)aj a’,_ 1+//-f-]( 1)—:1! (taj-1-1
from the third and forth steps
X{ }( l)a/ | aj+j,( 1)aj—a,+l
n— mr My my-1 my My M1 my
X X(]I! ]J) X(JJ JK)Z 1_[ 1’261, 1V2J +1 fz i:u fl 1 jr jr1 f;«a e R
(4.19)

which is a linear combination of new intertwiners. The expression (4.19) can be simplified in two aspects. One is to get more
symmetric factors in the two multi-products. The other is to simplify the exponents. Notice that the result (4.19) was obtained
in the case of J > I + 1 and K > J + 1. Under this case, the product terms of (2a’ + 1) can be reduced to

K—1 K—1
Qd_;+1) ]’[ Qal,  +1)=Qd,+1) ]_[ Qa, +1). (4.20)
m=J+1 m=J+1

This expression enables us to write the multiple product over m as the formula which is closer to the multiple product over
[ in Eq. (4.19). By simplifying the exponents and properly adjusting the ordering of multi-products of +/2a + 1, we finally
obtain the compact result

n<IK:IT> (1. M
d17k A\
R YRR Y S

(= Dys=rhirtak-tix (_pyer=ap () X5~ 1)~ Eacia e X (i X Gy k)

Il
10

x \/(2a; + DQay + 1)\/(2a’j +DQay + 1) x {‘”‘ I “.’} {“K JK “’f‘l}

1 a; Jji 1 a’K_l JK

J-1 - /
x 1_[ \/(Zal’ + DQa; + D(=DA-Ta=1t {Jl -1 4 }

1 a a_
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K—1 ., ,
x 1_[ \/(za;n + DQam + l)(_l)a,"71+a;;1—1+1 {]m A1 Gy } (_1)a171+al
I am am—1
m=J+1
i / ; 2 M
o /]J ar-i| fay J/J C{J (ivj;a) . 4.21)
1 a;_, js 1 a)js Y eI Ty

- 2 M
where the tuple a in the new intertwiner (i J; “)
MMM MK My
a,—1}. The above result is in the case of / > I + 1 and K > J + 1, which ensures that the limitations of the summations and
multi-product exist, namely, the upper limitations are always not smaller than the low limitations. Intuitively the results for the
other cases can be thought of as special cases of the above result by omitting the corresponding summations and multiplications
which do not exist. A detailed analysis in step by step confirms this intuition (see Sect. 4 in [47] for a discussion).
The second term in the parentheses of Eq. (4.6) can be calculated similarly to the former one. Here we omit the intermediate

steps and directly write down the result as (a complete calculation is also shown in Appendix C in [47])

. . = / /
isgivenbya :={as,...,a;-1,a;,...,ax_y,ak, ...,

a<IJ;JK> (:7:d M
dr7k A\
myp--my--nj--mg--mMpy

(= Dys=rhirtax-ti (_pyer=ap () S5 -1y Eacia e X (L j X Gy )2

Il
™

/ / aj—1 jrar| |axk Jjk ak—i
x\/(Za,—f-1)(2a1+l)\/(2aj+1)(2a1+1){ co lel a5 }

J—1 .y /
x I1 \/(2a;+1)(2a1+1)(—1)u1_1+az1+1{ﬂ a4y }

1 a a_
I=I+1 ! =1
K—1

. / / / . .
x 2a" + 1QRa,, + 1)(—1 ay,_+apm—1+1 {]m Ap—1 G } —14-1tas {aJ JJ af_—l} {Clj—l JJ a‘]}
ml:[+1‘/( m+ DQan +1(=1) AR KoY AR B

X (l-J;a

M
(4.22)

)
MMM MK Ny

The final results for the special cases of / — 1 < I + 1 and K — 1 < J + 1 can be obtained from (4.22) by omitting the

corresponding multi-products ]_[lJZ_II_H and ]_[,I;;} 41 and summations 2112_11+1 and Zﬁ; } +1- Combining the results (4.21)

with (4.22), for the case of I > 2 and K < n, the action of §; ;¢ in Eq. (4.6) on the intertwiner can be explicitly written down

as

Jia M

Iy’

oy

qIJjK )
PO T RN,

1 . . / -1 I
=7 Y (SR e (X i )T B X G )X i i)

/ / ar-1 jrar| fak Jk ak-i
x\/(2a,+1>(2a1+1>\/(2a,+1)(2a1+1>{ co j,} {1 i }

J-1 / ., ,
x [T J@a+ D@a+ D(-1ydrta-r! {” o }

I=I+1 Laa-
K-1 , o o
< [ V@a,+D@ay + D(—1)m-1Famr+] {”" mot o }
g1 I am am—1
D1+, |4 jroaj-1) |a_, jra; 1yas-1+as ay j; oaj-1| |as-1 jsay
X (_) 1 / . /A _(_) 1 / . /A
ay_ JJ 1 ay JJj ay 1 JJ 1 ay JJ

2 M
x (ivf 1 (4.23)

)nll"'ml"'ml"'ml("'mn
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Again, we expect that the result (4.23) is general and also suitable for the remaining special cases of 0 < I < 2and K =n
when a;_1 and ag do not exist. While a;_1 and ag do not exist in the intertwiner, we can “create” them via the formula (see
Appendix B.3 for a proof)

my

-L—mwmm

(4.24)
where ap = 0, a; = ji, and J is relabeled by a,. Then the intertwiner in (3.14) can be extended as
N . B m, m, m,,
(i) = [ ] Veai+1 i s 2 :
O g —— L 1 M
= a, =0 a = h a, [ an =J (425)

We are immediately awake to the fact that (4.23) is suitable for these special cases just by taking agp = 0, a1 = a] = ji, and
a, = J.

Note that the operator gy jx at v only changes the intermediate angular momenta ay, ..., ag— between I and K of the
intertwiner i,,, but leaves the angular momenta jp, . .., j,, J and the magnetic quantum numbers m, .. ., m,, M invariant. The
matrix elements of §; ;¢ with respect to two given normalized spin-network states T;‘S{‘?(A) = [leerq) V2je +1 T, ;i (A)
read

T A1k - Tmm) =/ dugi (h )m 17k - T (A)
( v 4 V+J-tJ Hiin SU@IED eel;l);) i A (

=ty [T danGOT @ sk T
SUQ)IEWI c€E(y)
- M’ o M
L Jal ~ 7
_8},’)// l_[ 8,/'e,jé 1_[ Z (lv a) Jrjk - (lv]’a)
e€E(y) VEV (1) M1ty it it
= l_[ Sje,jé l_[ (a'; J',M/@]JKW; J, M)')—(/,l“_”jn
ecE(y) veV(y) o
= 1_[ 8je it H (@1qrixla)dy, pdm m - (4.26)
ecE(y) veV(y)

In the second step of Eq. (4.26), we notice that ¢y yx at v only changes the intertwiner i,, and the integration with respect
to the Haar measure gives a zero result if y differs from y’. In the third step, the integration for the holonomies along the
same edges but with different spins yields delta functions and the contractions of the intertwiner with its conjugate. In the
fourth step, we have used the definition (A.23) of the inner product of the intertwiner space H;l ..... in associated to v. Thus the

general expression (4.23) allows us to uniformly write the matrix elements of g; ;g in the gauge-variant and gauge-invariant
intertwiner, corresponding to resulting angular momentum J # 0 and J = 0, respectively, as

= M M 1 , _ ,

a'lGrreld) = E i J5d Jia ak+jk+ar_i+ aj—a

= = —— — K TIKTAI-1TJI ()4~
(a’|lgrikla) (lu >m1~~~mn qrik - ( >m1~~~mn 1 E (=D (=D

x (=Xt (1)~ Znsre X (. )X Gir )3 Qa4+ D@ar + 1 @a + D(2ay + 1)

. 1
aj_1 jr a a ag—1 1 a’  a
x{ e 1} { £ K axe } ]_[ J@a + D(@ay + D=1yt 1+1{J 1 }

ay j 1 a’ 1 a a-_
171 K—1 =111 1 ar—1

K—1 ”

, . V4
x 1 v@aj+DCap + Di=1)%m-1+an-itl {”" - a’"}

1 a, am—
m=J+1 " m—1

. " . " : 7
"o nlay Jj o aj—i ay 4 JJj aj aj_1+a a; Jj aj-i aj—1 JjJ aj
x(—l)“11+“/{ . }{fl .}—(—1)“ f{ | ” ”
[ Lagy s L aj js Lay .y Js L dj jy
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T M -\ M 1 , . , J=1 .
§ .Jia . Jia ag+jk+ar_1+ aj—a > e i
1 KTJK 1-17T1J1 1 1 1 1 I=1+1
X (ll} )ml"'mn (lv ) 4( ) ( ) ( )

mi,...,ny myp--my--nmj--Mmg--mMpy

x (—1)” Znsre X (jr. i) X Gir )3 @a) + DQag + 1),/ Qa) + 1Qay + 1)

1 . J—1 o /
Gl Gk J& GK-1 a1 )L a
* { 1 } { } _1—[ \/(201/ + 1D Qa + D)(=D)%—174-1 { | -1 9 }

P y .
ay Jji I oag_ | Jjk a aj—

1 aw am—1

K—-1 . / /
x 1 v@aj + DCap + Di=1)%m-1+anitl {Jm i am}

m=J+1
y |:(_1)a’1_|+a’1 {GJ JJ aJ—l} {0/11 Ji aJ} (= 1yartas {a/J Ji 01—1} {011 Ji a/”
1 a/J_] JJ 1 a’J Jjr 1 a’J_l JjJ 1 a/J JjJ
1—1 n—1
8afas [] 84,0 for I >2and K <n
=2 t=K
B
Sy for/ >2and K =
X 81;12 ot o g an " ) (4'27)
n—1
[1 840, for] <2and K <n
1=K
1, for/ <2and K =n
2. (g Mo 20 p . .
where the tuple a in (1U @ ) isgivenbya :={as,...,ar-1,ay,...,ax_,,ak,...,an—1}, and in
MMM y---mg My

the third step we have used the fact that intertwiners are orthonormal. Note that the multi-products ]_[ljzfllJr 1 and I—[,Irf;} 11

and summations ZIJ=_11+1 and an;} 41 should be omitted for the cases of J < [ +2and K < J + 2, and we need to set
ap=0,a; = ai = ji,and a, = J when 0 < I < 2 and K = n, respectively. Under exchanging a <> a’, the expression in
the square bracket of (4.27) is antisymmetric, while the other terms are left invariant because of the symmetric properties of
6j-symbol, the symmetry of the delta function and the fact that (—1)% —a) = (-1 )%= Hence the matrix elements of qiix

are antisymmetric, i.e.,
(@\grixla)y = —(algrixla’). (4.28)

The matrix element formula (4.27) derived in graphical method is the same as the formula obtained from algebraic manipulation

for the case of I > 1 and J > [ 4 1 in [19], although different ways were adopted to deal with the recoupling problem.

Moreover, as shown above, the formula (4.27) is also valid for other cases and hence can be regarded as a general expression.
Finally, we consider some special cases which usually appear. With the following values of the 6 j-symbols [41]:

0bc| _ \btetd 8b.cBe. f
{d e ff =Y V2 +DQ2e+ 1) (4.29)
abce| st12[bb+ 1) +c(c+1) —ala+1)]
{1 cp[ =D X012 : (4.30)
abe—1 T 26 + (s —2a)(s —2b)(s —2c + 1) 12
1 = (1)’ , (4.31)
c b 2b(2b + 1)(2b 4 2)(2c — 1)2c(2c + 1)

where s = a + b + c, the general matrix element formula (4.27) can be simplified in the following special cases.

OI=1,J=2,K=3
In this case, the general matrix element formula (4.27) reduces to

1 PN / 1 i1 j2 a as jiz a
S/ A >\ L 1yiithtitatdta . V3 / J1 J2 a2 3 J3 az
@dr231d) = 5 (=) X (. J3) \/(2a2+1)<2a2+1){1 e

@ Springer



235 Page 20 of 52 Eur. Phys. J. C (2017) 77:235

n—

1
38‘1;%, forn >3 .

x [ay(ah + 1) — ax(az + 1)] x (4.32)

=
1, forn =3

Moreover, we can further simplify the result (4.32), since the triangular conditions on the 6 j-symbols will constrain the
values of a” in (4.32) as a), € {ap — 1, a2, ap + 1}. Denoting |az) = |az, a3, ...) and |ay — 1) = |az — 1, a3, .. .), we get

A | _ N
(a2 — 1G123laz) = — 5(—1)~“+ﬂ+f3+“2+“2 B X (o, j3)2

X\/[Z(az—l)+1](2a2+1){j1 2 “2”013 J3 az}

La—1p](1a-1/
X [(a2 = (a2 = 14+ 1) —az(az + 1]
1
=- 1+pta+Din+pta)i—pta)i+jp—a+1
\/(2Q2_1)(2a2+1)[(11 Rta+D=p+ipt+a)i—ip+ta)ii+jp—-a+])

x (a3 + j3 +ax + )(—az + j3 + @) (a3 — j3 + a)(az + j3 — ax + D]V, (4.33)

where we have used the fact that (—1)2/112/242a2(_1)2/3+2a3+2a2 — | dye to the triangle condition for (i, j2, az) and
(az, j3,a3).

amr=1,J=2,K=4
In this case, the general matrix element formula (4.27) reduces to

N DT
(@141241a) = 5 (=) HETBIGX ([ @a) + D@az + 1)

x \/(2“§ +1Qaz + 1) {jl ]2 az} {j3 aj aé} {04 Ja a3}

1 aé 2 1 az ap 1 aé Ja

n—1
[l 644, forn>4
=4 :

x [ay(ay + 1) — ax(az + 1)] x (4.34)

1, forn =4

am I =1,J=3,K =4
In this case, the general matrix element formula (4.27) reduces to

st 1o 1 Ty N
(@11341a) = = 3 (DRI (X, i}y Qg+ 1) @az + 1,25 + Das + 1)

22 ay)| fas ja a3 drd, |a3 3 ax| [ay j3 a3 artas |85 3 a2 |a2 j3 a3
X . /A (_1) 3 /A A - (_1) /. /A
Lay i |1 a3 Ja Lay js) 1 a3 j3 Lay js) (1 a3 J3

n—1
y t];[4 84.a,» forn >4 ‘ 4.35)

1, forn =4

avyr1=2,J=3,K=4
In this case, we have aj_; = a; = j;. Then the general matrix element formula (4.27) reduces to

iAo 1 i R B |
(@'|Grzala) = — Z—L(—1)“+’2+]“+"4(—l)a2 X (j2, J3)2X(J3, ja)?

Y e
x \J@ay + 1 (@ay + 1),/ @a} + 1)@a3 + 1) {Jf o J;} { N jj}
2 3

_\ahtay )43 J3 ax| )ay J3 as| o \artas J93 J3 A2 A2 J3 43
S (I PP R ] R T F P L
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n—1 J1 2 a
8., forn>4 + X(J2, J3)2 Lay pf _, . .
X 11;14 e = (-2 T 2 — (@'|q1341a). (4.36)
1, forn =4 X(Jl,J3)2 J2 1 dy
L ax jr

5 The Hamiltonian constraint operator

In Hamiltonian formulation of GR, the dynamical information of GR is encoded in the Hamiltonian constraint. In canonical
LQG, while the kinematical structure has been successfully established, the implementation of the Hamiltonian constraint in
the quantum theory is still in exploration. Hence the quantum dynamics of LQG is still an open problem up to now. After
the pioneering work of Rovelli and Smolin [48], Thiemann first constructed a well-defined Hamiltonian constraint operator
in Hyin [4,16]. This operator is anomaly-free in some sense [4,16]. The technique to quantize the Hamiltonian constraint in
LQG has also been applied to the coupling of gravity with matter [17], high-dimensional GR [49], the scalar—tensor theories
of gravity [50,51], and the symmetry-reduced models of LQG [25,52-55]. Moreover, to understand the relation between the
canonical and covariant quantum dynamics, one also needs to calculate the matrix elements of the Hamiltonian constraint on
given quantum states. In this section, we first recall the construction of Thiemann’s Hamiltonian constraint operator, and then
derive the action of the Euclidean Hamiltonian constraint operator on a spin-network function over trivalent vertices.

5.1 Quantization of the Hamiltonian constraint

The classical Hamiltonian constraint of pure gravity in the connection formulation of GR is given by

EYE® o
HaW) = o [ @x Nl [Pl = 20+ B K) | = HE () = 201+ FT V) 5.1
2k Js Jdet(q)

where F Ifb is the curvature of SU (2) connection Ai,, and K E 4€p)i 1s the extrinsic curvature of a spatial hypersurface ¥
in a spacetime. The function HZ(N) is called the Euclidean Hamiltonian constraint. In the following, we focus on the
regularization of HZ(N). Let us triangulate ¥ into tetrahedra A so that the above integral becomes a sum of integrals over A,
ie., [ s =2A / A+ We denote the triangulation of X by T (¢). The small parameter € indicates the “length” of the edges of A.
For each A, we single out one of its vertices and call it the base-point v(A) of A and denote its three edges outgoing from v(A)
by s7(A), I =1, 2, 3. Taking the limit € — O corresponds to shrinking A to v(A). Let oy (A) :=s7(A)oajy o sJ_I(A) be
the loop based at v(A), where aj is the edge of A from the endpoint of s7(A) to the endpoint of s;(A). Then the Euclidean
Hamiltonian constraint can be written in the form [4,16]

| EaE?
HE(N) = —/ d*x Nejjx——=FF, = f d>x N e¢tr(Fp{Ac, V)
2 U detlq) " 2ﬂ A;) o
- 2 1JK
= 6]21}) 3/(2,3 AEXT‘: )N(U(A))G tr(ha”(A)th(A){th(A), V) = llm H. (e)(N) 5.2)
€

where N := sgn(det(efi))N ,Ar = A’C‘ Tk, V denotes the volume function of ¥, and in the second step we have used the
identities

E"E

1
”de:() = sgn(det(e))))&P ek = sgn(det(el)))eb ﬁ{A’f, Viskm, tr(tktm) = _55"’"' (5.3)

To simplify the notations, we will drop the bar over N. Replacing V by V, holonomies by holonomy operators (since the
holonomy operator acts as a multiplication operator, we also omit the hat for simplification of notation), and the Poisson
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bracket by 1/(i%) times the commutator, the regulated Euclidean Hamiltonian constraint operator reads

. T E
= 33 AEZT:(E)N(I)(A))HA. (5.4)

Itis clear that the operator (5.4) depends on the triangulation 7 (€). It turns out that the non-trivial action of H f on a cylindrical
function f, corresponds to the case v(A) Ny # . Thus one can triangulate X adapted to y [16]. We denote the triangulation
adapted to y by T'(y). Then the action of the regularized Euclidean Hamiltonian constraint operator (5.4) on f, reduces to
(16]

N X 2
E . E E
Hy (N) - fy = Hiop(N) - fy = —3p > ()— > HY - fy= ) NAHE-f, (5.5)
veV(y) U(A) v veV(y)
where E (v) is the number of non-planar triples of edges of y or y" at v, N, := —% %, and
I:]f = Z EIJKtI‘(/’la”(A)hSK(A)‘A/h;K](A)). (5.6)

v(A)=v

The limit ¢ — 0 can be taken in a natural operator topology [4,16]. The label T for the triangulation 7' (y) can be dropped
since the final limit operator is independent of €.

5.2 The action of ﬁf (N) on a trivalent non-planar vertex

The action of the Hamiltonian constraint (5.5) is local in the sense that it is a sum over independent vertices. Therefore, we
can concentrate on its action on a single vertex. For a spin-network state T **(A) on a graph y, we consider a trivalent
non-planar vertex v € V (y) at which three edges ey, ez, e3 incident. The terms in T H *(A) directly associated to v can be
represented by

T" = (A) 3= ) mymoms [ (eI [ ()1 [ (he)T™ 5.7)

M=0

j J=0 a=la=js} denotes the intertwiner associated to v. For the trivalent non-planar vertex

where (i) mymom; = (ljl’jz’j3 )m1m2m3
v under consideration, the summation in the expression of Ir-AIIfE in (5.6) is over only one tetrahedron A adapted to y at v. We
will omit the notation A. Then the action of HUE on T; 7 ;(A) can be explicitly written as

HY - TY = 2(A) = €Kt lho ho V) -T2 2(A) = €K oy 1yl 1P VIR - TV -2(4)
= [y — hay ) plhg 1 CV[hSJ]C (T = (A + Ty, — hais 1 plh 1P VIR - TV -2(4)

C — E E
+ [hﬂtlz - 0‘21] B[ 53] CV[ 53 ] ’ T;’];(A) = ( V,852535] + Hv ,535152 + Hv _&13233> ' T;,]T’;(A)s (5-8)

where [h]AB = [nl/z(h)]AB. Note that applying I:If to T;ff(A) involves the actions of the holonomy and the volume
operators. o
The intertwiner associated to v in (5.7) is represented in graphical formula as

m
my mo ms

_ . M=0 my ma ms | | . X .
@)y = (770 = Jdld i, =ilA i =
v/ mymyms J1sJ2sJ3 mymams J3 s S OM =0 _— J2 3 (5 9
s J: ms s .9)
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where dj; = 2j3 + 1, and in the last two steps we have used Eqs. (A.47) and (A.42). The part of y associated at v and the
spin-network state T: 77,(A) in Eq. (5.7) can be represented, respectively, by

(5.10)

where we have omitted the remaining notations n1, ny, n3 in the algebraic form (5.7). By introducing three pseudo-vertices
vy, I = 1,2,3, we subdivide e; into two parts s; and /; such that e; = s; o [ and s; = s7(A) matching the triangulation
T (y). Then T;’; ;(A) in Eq. (5.7) becomes

T (A = (00D s [0 Crs )V 8, G )T (o )T 80, (i 12, o o)1 80 s G 1,
= (lv) mimoms [njl (hsl )]ml I3 [7[]2 (hsz)]mz I [n]3 (hS3)]m3 I3 (if)l )klll

X (ko ()i P 0y ()T T ()12 Ty ()T (5.11)

where (i, )« ,l’ = 8,1{’1 are the intertwiners associated to v;. Hence the original graph and the corresponding spin-network state
in (5.10) become

& A=Y s
Vst

(5.12)

We can also single out the part of TV” 7 ;(A) which only involves the holonomies /;, and denote it by T:jf ;(A) (the notation

s denotes the segments s7), i.e.,

T AA) = G, 175 DV R (B e (BT | = (=12

(5.13)
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Now let us to calculate the action of the first term in (5.8) on T;/ﬁ ?(A) viathe graphical method. The action of [/, 18 c V[h;l ]C A

on T:jf -(A) can be represented by

[hs, 15 VIR1C , [ (=D = [hg 12V | (=1)*

].—1-4—0
e
dy LY ¥
_ B Uy 2j
= [hy] CZ\/?V (=)= [djl s
7, Ji jy
++A
R
J2 N3
S S
E N (5.14)

(5.15)

Recall that the volume operator (4.5) vanishes at coplanar vertices. Hence it has non-trivial action only at v, not v;. Its action
in (5.14) reads

14

3 23/2 I 2
B . Iy 2

P i =D Jd.

4\/5 |lq.“hh' ( 1) j djl jzjl+ ‘:;

v :

ST

(5.16)

where the operator ¢ il a3 corresponds to the edges s1, 52, 53 with spins j{, j2, j3, respectively. Notice that §7 7 x changes only

the intermediate momenta ay, ..., ax—) between j; and jg of the intertwiner. In our case, the operator ¢ i3 and hence V
change a; = jj, a3 = j3 into

1 {jl—l,jl; for ji = ji — S (5.17)

a/=j/:l:_=
e jLi+1 forjl=ji+

Wl 19—
Q
(98]
I
~
(98]

For given values of the four spins % Ji» J2. J3, there are two allowed combinations of intermediate momenta (5.17). Hence the
corresponding intertwiner space associated to v is of dimension 2. Furthermore, the volume operator is automatically diagonal
on the 2-dimensional intertwiner space. This fact was pointed out in [5,21], which will also be presented in Appendix C.
Hence we have
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Ja
1
kT
EN VA
U 18P TR1C , (= 1)2 = (h 1% > Vi jas )12,

vy ey 1

Ji Jg‘r—f—A
S
I3 AN

J2 Js

Ji
AT
514 j1,51 ;
v 2i g 27
= > V(i o =D d; = >\ V(i o =DPdy Y dyy
" el L I a1
Ji ~7_}1_‘_<2_AB Ji Ji
R
J2 AN
Sa Sy
J Js
s hj,
’ 2j J 1
— A ) 12
= > V(i o 1P s
7, A+
J
J2 AN
Sz Sy
J Ja (5.18)

where

e p2 3 1
V(ilsjas j3) = V(1/2, ji, jos j3saz = ji +1/2,a3 = j3) = = [(“r 2+ ‘3+_><./+ 2o .3+_)
J1s J25 J3) /2, J1s J25 J Ji+1/ J W, hthtipt+s)liat+ti-it+s3

(5.19)

N —

S—

| I |
=

| gL s s
x (J{—JZ+J3+§) (—J{+Jz+13+—

In the fourth step we have changed the orientation of two arrows with spin j| by the rule (A.43), and then used the rule (A.44)
to remove three arrows with the same orientation joint with a 3 j-symbol, and we also used the rule (A.45) to remove a loop.

Thus the action of HE . = [hay, — hay,1* plhs 18 VIR, on T;”;;;(A) is given by

V,82535]
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., |(-D*

V,8253 81

= " V(i i 1P

Ji

= > V(i o =D d;,
Ji

= 3 VG Dy Y dydy,
7

ooy
= Z V(jis jos J3)djdydy,
A
r . 1 . . 1 . . 1 . . 1 .
><—(-1)f1+fi+%(—1)f3+f%+%{J.} 2 J.l}{f.l 2 ’.,1}—(—1)f1-f’n+%(-1)fz+fé+%{J.l 2 ’.}}{J.} 2 J.IH
| Jo J3 2) Uz Jp U3 J2 Uz J) Uz J2 U3

(5.20)
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where in the second step we have used (A.57), and in the last step we have used the two identities (see Appendix B.4 for a

proof)
ilas 1 1
ALY NIV ASYaN WATATE FL- S N O AR R R S
N B Rf s Jy B AN
il ';,,+‘,; 2 3 3 2 /3 +
RPN I A AU AR
(I :<—1>f'*f1*f<—1>-'2“z*f{. ; 1}{ '2 I}J}d\{
M LQ,\ J2 U3 Jy J2 )3 NG
&y

(5.21)

(5.22)

Here Eq. (A.43) was used to flip the orientation of the arrow on the line labeled by 1/2, and the identity (— 23+ = (— 1)2j§
was used. Notice that those three intertwiners associated to v, v and v3 in the last line of Eq. (5.20) take the standard formulas

(A.38) and (A.39), i.c.,
Tl N . . ST }d\(
N Ll_.:l_._m:jwz0 G L B Ly

. 1 y . 1 . 7.
’dj’ ]ZI ) .72£ —J 3 J — ‘j2+ ,
2 —ay=j5 J=0 — 1

. . , , ,
dy 3 J:§| J&f S . e K32
: —a2 = jé* J=0 - %

Equation (5.20) enables us to directly write down the results for (1, J, K) € {(2,3, 1), (3,1,2),(1,2,3)} as

~NE _ v

Hv,s;s,s,( - ZH(.]I’]J’JK)
Iy

where

. . . . . . . -/ 1 . 1
H(j;,]},JK) ZZV(J;(’JI’JJ)dj}(dj}dj} [(—1)/K+j](+2(_1).]./+/]+2

Jk

ik —j+4 i [k 3 Uk
+(_1)J1< Jk 2(_1)/1 JiT3 : 2/ X
JI Jy Jg

(5.23)

(5.24)

(5.25)

(5.26)

(5.27)
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Taking account of the identity (—1)253+! = (—1)2/3, the action of HE on T;/ﬁ -(A) can be explicitly written down,

AL (=12 = > H(j, 5, 1) [(= D

Jady

= > HGS fi, i) | (=1

Jyod

+ 3 HGY )| (1P

Jiods

(5.28)

6 The inverse volume operator

In this section, we will first review the construction of the inverse volume operator (see [27] for details). Then the action of
the inverse volume operator on a gauge-invariant spin-network state 7'V - ~(A) is calculated at a trivalent non-planar vertex v

Vodoi
in the graphical method. Comparing to the algebraic derivation in [27], our graphical calculation is again rather concise.

6.1 The construction of the inverse volume operator

The Hamiltonian of a massless scalar field coupling to gravity is given by
H(N) = Hy(N) + Hy 6.1)

where Hy(N) is the Hamiltonian constraint (5.1) of pure gravity, and Hy (N) is the Hamiltonian of a massless scalar field ¢,
which reads

2

1
Hy(N) = §/Zd3x N(x) [ﬁ

1
+ v det(q) qab(3a¢)3b¢>] (x) = [Hkm $(N) + Haer,p(N)] (6.2)

where 7 is the momentum conjugate to ¢. The Hamiltonian H (N) can be quantized as a well-defined operator on the Hilbert
space Hgr ® Hy with Hgr = Hiin and Hy being the kinematical Hilbert space for the scalar field theory [17,56]. Notice that
in the isotropic cosmological models the inverse of volume function (or scale factor) appears also in the term Hijy ¢ (N). In
order to compare the results between LQC and LQG, we will focus on this term. To do the quantization, the term Hyi,, ¢ (N)

@ Springer



Eur. Phys. J. C (2017) 77:235 Page 29 of 52 235

can be regularized as [17]

72 (x)

. det(el)
Vdet(g)(x) 20

Hiing(N) = | &*x N
kin, (V) /z x N(x) det(q)]3/2u

d3xN(x)7t(x)/ d3yn(y)/ du

d i
x/ d3w%(w) Xe (X5 ¥) Xe (X, 1) xe (X, W)
> [€3/det(q)]

26.26
T 31.31.46. g6

x / ddu & (AL (), V(u,e)f}{A,J,(u), V(u,e)f}{A’;(u), Vi, €)?)
X

hm/ d3xN(x)rr(x)/ dyn(y)

X / dPw et ézmn{Ad(w) V(w, 6)2}{A'"(w) V(w, 6)2}{A (w), V(w, 6)2} X Xe (X, Y) Xe (X, u) xe (X, w),
)
6.3)

where we have inserted 1 = [det(e )] /[«/det(q ] in the second step, used e, (x) = ﬂ{A (x), V(x, €)}, and absorbed

V(x,€) := e3/det(g)(x) in the denominator into the Poisson bracket in the last step. Again we introduce a triangulation
T (y) of X adapted to a graph y. For a given tetrahedron A and its edge s7(A) =: sy, by the identity

f d3x{A;(x),V(x,e)%}zztr<r,~h,{h—1,V(v,e)%})+0(e2), hi = hy ), (6.4)
1(8)

Eq. (6.3) can be reduced to

22

1 iy
Hkin,¢>(N) = —6‘36 lgn d3x N(X)Tf(x)/ d3ij(y) E m § EIJKGLMNEI'/kGImn
¢ z v, eV (y) siNsyNsg =v
spNspNsy=v’

X tr (t,-h;{hl_l, Vv, e)%}) r (rth{hzl, V@, e)%}) r (rjhj{h_l, Vv, e)%}) tr (zmhM{h;;, Vv, e)%})

xcur (Thi ! V2] (mhn (' VO, €2)) xelr 1) xe (6 v)xe (6, 0), (6.5)

Replacing = by —ifik$/8¢, Poisson brackets by commutators times 1/(i7), and substituting V — v, Hyin,¢ (N) can be
quantized as

L (_i)2222 Vi Vi " Vi " Va /
Hiin g(N), = > NOHXONXOW") xe @ 0 xe (0" v) xe V)

v,/ 0", WGV(V)

1 .
“EWEW) Yo KM ¢ D8 (0) 0] () D () P () Dk ) P (0. (6.6)

—— 11Im
632744 B6 e—0

siNsyNsg=v
sLNspyNsy=v’

where X (v) := % [Xr(v) + X1 (v)] is the sum of left- and right-invariant vector fields acting on the point holomomies U (v)
defined in [56], and

@6 ) =t (whilhy!, V21) = =t (wh V2 mpt) 6.7)

is e-independent for sufficiently small €. For sufficiently small €, the three characteristic functions in (6.6) vanish unless

v =1v" =v” = v"”. Taking the limit ¢ — 0, we obtain

N (v) .
> Far XX 3T RN 5y 00 )l )3
veV(y) siNsyNsg=v

sLNspyNsy=v

Hkin,qb(N)y h4 4,36
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223

" 3htcd g

> XXV T, ©.8)

AW, 1
% (j)éﬁ(v)( 3)pm " (0)8kn ¢ )é’;{(v)(j)énN(v) — )
veV(y )

—

where we have used €;jr€mn = 3'8i 8 (Sk The operator V —1l, , is the quantum version of

_ 1
Wdet(q)(x) = Ve P02

constant, and thus it is called the inverse volume operator. By introducing the manifestly gauge invariant operators [27]

417 (v) = 8,28 ()28l (v), (6.9)

—

the inverse volume operator V ~!,j ,, can be represented in terms of §;; (v) as
—_—

Vi - fr= Y, €K GGk @) - £y (6.10)

siNsyNsg =v
spNspyNsy=v

Note that the operator gy (v) can be represented in terms of 7, as

A ij 511 KL -1 oL 1) A1 SA -1
G17(v) = 8t (r,-hIVZ n, )tr (rthVZ n; ) — (r,,h,Vz n, )c(l) r (rMhJVZ n; )
. i ) t
—_ [tr (ruhIV%hl_l)] r (rMhJV%hf) = [<%>é’;(v)] @ (v), 6.11)

where we have used the identity (4.8) and C ﬁ)” C éﬁﬁb = (—1)Itrs u,— in the second step and the following identities in

the third step:
(A = (HE . @A = —@)Pa @Ay = @n)® . (6.12)
Here the overline denotes complex conjugation.

6.2 The action of V ah » on a trivalent non-planar vertex

We consider the action of V— ah v on T 3 ﬁ(A) at a trivalent non-planar vertex v. Notice that the intertwiner space associated

/\

to v, which will be acted by V— lalt,v, is of one dimension. Hence the gauge-invariant operators g;;(v) and V~ly , take
eigenvalues on the orthonormal spin-network states

T:; 2N(A) = djdjyd T (A) (6.13)

Therefore we have

G1s(V) - TV (A) = QT 41 (A), (6.14)
Voo T2 (A) = TR MN 0110y Qkn T 22 (A), (6.15)
where

— vsnorm A T ), norm) — (( )u T snorm ( )AM TU.S norm) ) 6.16
01y = (T35 ) - T252°™) ) jy T (6.16)

In order to obtain the eigenvalues Q;;, we need to calculate the action of () (v) on T: 5 nOrm(A) or T (A) In the

following, we will only display the derivation of the two components Q11 and le, and the remaining components of Oy
can be written down similarly.
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Now let us consider the action of (%)éf (v) on T;;f(A)' Notice that the spherical tensors 7, can be represented as Eq.
(3.21). Hence we have .

G | (1)

= @'y 2 Vs )] (D,

i

=

V6 Sl : -t [T
= 17 Z [V(Jl’J25J3)]2 (_1)2]3d1"| (=1)/r+i—2 {11

A

~.
—_

6.17)

where in the second step we have used the result of Eq. (5.18), and in the fourth step used the identity (see B.5 for a proof)

gl 2 Y 1 . .
7 1 __{Jl 3 ]1} 1
AR J1 2 1

(6.18)
Taking account of
! Vgl VeV 2a+1 | =1, ji=j+3
Eq. (6.17) can be reduced to
G| (-1 - '—“Qj(lj:l)( = Vi) | a0 :
(6.19)
where
VI%A =[VGi=j1—1/2, jz,js)]%, VI%B =[VUi=i1+1/2, jz,jz)]%- (6.20)
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The intertwiner in Eq. (6.19) is normalized because of

A ] . ) )
C(_1\2)3 — B A 1 J2 Js — J 0;d@'={ar=j1.a3= ]3}
\,d]] (=1 ¥ djldh L - > > - JI Lj2.j3
TN Ta=j T a=j =0 (6.21)

Equation (6.19) implies that é“ (v) changes neither the graph nor the spins of Ty”Ji ;(A) (5.13). Butitdoes change the intertwiner

iy = i]{’zjgfgz{”zzjg} in Eq. (5.9) into i/, = Jl 10]: ;{”2 J1as=73) in Bq. (6.21) associated to v. Hence we obtain
01 =— ((%)élli(v)Tyv,jf',?orm’ (%)éllt(v)Tv,i,?orm)H
(E ’ kin
_(ivjl(jl+1) <V2 —V )Tvsnorm i\/jl(jl‘l’l) <V2 —V )Tvsnorm>
: 14 1B HEA : 1A 1B HH
2j1+1 Vi 2j1+1 Voo Hein
i+ 1D V% 2/ 1—[ dy (h )TUTHH(A)TUfllorm(A)
(2j1+1)? ) Jsueyp 1123 B
2
JGr+1) 3 3 J=0; a'={ay=j1,a3=j3} .J=0;d'={ar=j1.a3=3}
T2 r 02 \Via T Vie | Ui i ds
. 2
_Jl(Jl +1) 3 . V% tr( J=0; d'={ar=j1,a3=J3} =0 ﬁ/E{az=j1,a3=j3})
(2j1 + 1)2 A 1B Ju1j2. 3 Julja. s
.. | | 1\2
_Jl(.Jl +1) vi-vi) . (6.22)
(2j1+1)?

where tr() denotes contracting magnetic quantum numbers, we have integrated holonomies to give the contraction of the
intertwiner with its complex conjugate in the fourth step and used the fact that the intertwiner is real in the fifth step, and the
intertwiner is normalized in the last step.

Similarly, the action of eg(v) on Tv f~(A) yields

(%)?;(V) (=15 = ZM (V2%A - VzéB) V272 + 1(=1)*"

2j2+1

2]2+1

_ Nt D (VfA - VjB)(_l)Mzm > @+ D@j + 1){1'13 ﬁ f’}

x| V2a + 1(=1)*

(6.23)

where

1

1 1 1 1
VA =V == 1/2, 53, j0]7 . Vo= [V = jo+ 1/2, j3, jD]?, (6.24)
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and in the second step we have used the following identity (see Appendix B.5 for a proof):

Ji B3 oj2 o oa)| Ml
3 = ]J]+12+h 2 +1 . . .
1%]4\4 -1) Z(a ){1 i Jz}j‘a,

P (6.25)

The intertwiner in Eq. (6.23) is also normalized because of

AR .
Va0 /t = \Jdad;, Lj

Js = jJ=0d =m=aas=j3)
JisLijasJs

Tay,=a T a3=Js  J=0 (626)

.J=0; a={ay=}3} .
Jisj2,j3

J=0; d"={ay=a,a3=3}

($)ph
Hence ‘2%, (v) changes i, = i; il

associated to v. Finally, we have

in Eq. (5.9) into composition of i/ = i in Eq. (6.26)

0=~ (Ve ) T4, B ) - T““"”“)H _ _ynGi+Dh )<vz v})
kin

v 2j1+1 1A
« Vi(a+ 1)
2jp+1

<V25A - VfB) (=DHPER S Ca+ D22+ 1)

% J3J2a tr (/=0 d'=tae=jra=j} ;J/=0d"=lax=a.a3=j3}
1 j1 j» Ji, L2, 3 g3

NG+ DpGa+D () ') i i oty . J3j2a
v2 & V2 — V.2, | (=11t 2a + D2 1 2 TS,
Ch+Dh2h+D) 1A~ ViB oa = Vo ) (=1 z VQ@a+DH@2j+1) 1 jy o f fod

NG+ DpGe+D (F ) 5k i+t J3 J2
@i+ D2+ 1) (V“* Vis ) {Vaa = Vas ) (5D VDR + DTS
T DhGEF1 1 L
\/<]2151h+ 1)2531 ) ) (V“‘ V”*) (sz“‘ 223) (=D S22+ D)(—1)Ji+itis+]
201+ D+ jp(p+ 1) — j3(j3 + 1]
V20Qj+ D21 +2)2/2Q2j2 + 1)(212 +2)

Jl(]l+1)+]2(J2+1)—]3(J3+1) Vz _Vl V 3
205+ D2t ) 1A 1B o — Vop

6.27)

—

Similarly we can write down the remaining components of Q;; and thus the eigenvalue of V—lau,v in (6.15).

7 Summary and discussion

In the previous sections, the graphical method developed by Yutsis and Brink and their extensions, which suit the requirement of
representing the holonomies and the intertwiners, are applied to LQG. The algebraic formula is represented by its corresponding
graphical formula in an unique and unambiguous way. Then the matrix elements of the operator §; g, which is the basic
building block of the volume operator, are calculated via the simple rules of transforming graphs. Note that the calculations
that we did by the graphical method can also be performed by conventional algebraic techniques. Also, corresponding to
every graphical reduction, there is an algebraic reduction because of the correspondence between the graphical and algebraic
formulas. However, it is obvious that the graphical method is more concise, intuitive and visual.

Note that in our graphical representation, a gauge-invariant intertwiner associated to a vertex v of a standard graph at which
n edges with spin ji, ..., j, incident is represented by

n-1 m, m, ma, om.

i=2 @ Qs “aa =G0 J=0 (7.1)
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Taking account of Eqgs. (A.47) and (A.42), Eq. (7.1) is equal to (— 1)%/n times of the formula

n=2 m, m, M, m,
2

— (7.2)

i=

Since the only difference between (7.2) and (7.1) is a factor (— 1)2n, Eq. (7.2) is also used to represent the gauge-invariant
intertwiner in the literature.

Let us compare our calculation with those existing in the literature. The operator g; yx can be represented by the following
three forms [11]:

Grok = =il 4, b =4[ 0L 0 a | =[G + T2 0+ 907 (7.3)

The first and the third forms (equalities) of the expression (7.3) were adopted as the starting points, respectively, in [18]
and in [11,19], and their matrix elements are calculated by graphical and algebraic methods, respectively. In this paper, we
considered the second expression (equality) of ¢;;x and derived its matrix elements by the graphical method introduced in
Sect. 3. In [18], to compute the closed formula, Pietri and Rovelli adopted the Kauffman’s graphical method to deal with
recoupling problems. Note that the idea in [18] to employ the first equality of (7.3) to calculate the volume operator can also
be carried out by the unique and unambiguous rule of graphical calculation. From (3.5), we have

M M

~ -Jia _ . i 7J gk - Jia
qgIJjK - (lv ) = —4l€iijelJejJeK . (lv )
R RN R P I iy

> M
_(;7):a N (T ‘ m
= (W5) oot o, AT T DY e GOV

)

> M
~J;a> . m m' .
= (i —A)e ol (T )" i, (T )™ (i (t,)]" K
(v ml“'m/,“'m/J"'m;("'mn ( ) nvp ./l( M) mp ]J( V) my JK( ,0) m

K
(7.4)
where, in the last step, we have used the following identity (see Appendix B.6 for a proof):
€kl @I, 1, 1™, [ @OVK = i€l (11", 0, @™, (e G176, (7.5)

with

e,w,,z«/8<1 : 1). (7.6)

mvp

Note that here one has €_j 941 = 1 (see also Appendix B.6 for a proof). Notice that both [ (tM)]’"/ n and €,,, (given by a
special 3 j-symbol) in Eq. (7.4) have corresponding graphical representations. The action of §; s ¢, corresponding to (7.4), on
an intertwiner is given by

my K
n—1
CAI[JK . ]—[ \/m T+ 1 |,n ’/m ’7,,,\ |47 1 i1 i“
i=2 Casa 1 — . 2 K1

nel ar 141 i jia k-1
6 +
=~ TV_X(J'I, Jrd)? [ [ V2a+IV2THT i’.l\\_j .............. _M ............. Lﬁ ............ ;
i=2 - 2 s-1 ’ PRy P

. 1 : (7.7)

where X (jr, j7, jk) =2j1Qjr + DQjr +2)2j;2j; + D(Q2Jj; +2)2jk(2jk + 1)(2jk + 2). The derivation of the action
of gy jk on the intertwiner in the graphical method is to remove the three curves with spin 1 in (7.7) by using the previous
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rules of transforming graphs. The identities in Egs. (4.14), (4.15), (4.16) and (4.17) enable us to reduce the graphical formula
(7.7) as

m; My My my Myt MK -1 M

’ 1’ 7’
F(a,a’,a”,a"" )-oceeeo. cmpmmm P > | I JEN I IR s
— ar — Ay @y, —  ab_,  —ahfag|as)a ay,cccak s —  axo, —
& A
a’y (71.8)

where the factor F(a, a’,a”, a”’) involves the intermediate momenta a, a’, a” and a’” in the intertwiner. By the graphical
identity
e

)y ) S
a).a]
Rraf tad 1 m_._”_ m—»—n_ m————n
ay

. Kl = ) as a = —— d as
1 2aJ+1 2aj+1 ' 2a,+1
Y

St

— 4y { 1 1 1 }m—»—n
2a,+ 1 \a; d) df v (7.9)

we can remove the three curves with spin 1 and obtain the final result, which coincides with (4.23). The closed formula of the
volume operator was also derived by Brunnemann and Thiemann in [11,19] using the algebraic techniques. The derivation
process in [11,19] is rigorous but rather abstract and awkward. Our graphical method is convenient and visual, and our result
(4.27) coincides with the formula derived by the algebraic calculation for the case of / > 1 and J > I + 1 in [19]. Moreover,
our analysis shows that Eq. (4.27) is also valid for other cases and hence can be regarded as a general expression.

In principle, in the light of the matrix elements of §;;x in Eq. (4.27) we can finally write down the action of the volume
operator on the spin-network states. We denote

ies g
8 x4

> cler, ez ex) 4rik- (7.10)

I<J<K,eiNejNex=v

Gv =

With the matrix elements of g;jx, we can get the eigenvalues and corresponding eigenstates of g, as
Qulrg,) = Ay, 10g,)- (7.11)

Then we can write down the action of VU on the intertwiner |i,) associated to v as

Vo liv) = V1ol liz) = ZﬂqT D) g linh = 2 [al (g li ] 134,). (7.12)

4o

However, when the dimension of the intertwiner space associated to v is bigger than nine, one cannot diagonalize g, analyti-
cally. This prevents us from explicitly writing down the whole formula for the action of V.

Since the volume operator is defined only by the flux operator (essentially the self-adjoint right-invariant operator). Hence
the derivation of the closed formula for the matrix element of volume operator just involves the action of the self-adjoint
right-invariant operator on spin-network states. The action involves the recoupling problem and can be dealt smoothly by
simple rules of transforming graphs in the Brink original graphical method. Comparing to volume operator, the gravitational
Hamiltonian constraint operator and the inverse volume operator depend also on holonomies in addition to fluxes. In order
to calculate their actions on spin-network states in graphical method, we have to extend Brink’s representation and propose
a graphical representation and calculation for the holonomy. The corresponding graphical representation and calculation
including holonomy is thus proposed in this paper, which enables us to do the graphical calculus uniformly in Brink’s original
graphical framework. The action of the Euclidean Hamiltonian ﬁ £ on the spin network states Ty 73 ’_(A) with trivalent vertex
v was shown in (5.28). The difference between our result (5.26) and (II.14) in [14] is the factor 1/2. Since the factor is overall,
the qualitative conclusion made in [14] is not affected by the missing factor 1/2.

In the general case of matter fields coupled to gravity, the 3-metric g, enters the Hamiltonian of matters. For instance,
the information of gravity is encoded in the inverse of volume function in (6.2). In classical cosmological models, the
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Hamiltonian of matters will diverse at the big bang singularity (with zero volume). However, in LQC the inverse volume
operator corresponding to the inverse of the scale factor is bounded above [25]. To see whether the boundedness of the inverse
scale factor operator in LQC is maintained by the inverse volume operator in LQG, the expectation values of the inverse

volume operator V1, ,, with respect to gauge-invariant states at a trivalent vertex, which is a non-trivial eigenstate with

zero-eigenvalue, was calculated in LQG [27,57]. The conclusion drawn in [27,57] is that V—lalt,v is unbounded. To cross-

—

check the algebraic calculation in [27], the same action of V ~!,; ,, has been calculated by graphical method in this paper.

Based on the gauge invariant operators ¢y (v), the inverse volume operator V*‘alt,v defined in (6.10) takes eigenvalues on

v, A norm

the orthonormal spin network state T NEE: (A). The eigenvalues of V! alt,v» presented in (6.15), consist of the eigenvalues

Q1 of gr7(v). The different conclusions between Ref. [27] and ours come from the different eigenvalues Q;; on the same
state 7"°22°™ More concretely, there are two differences on Q;;: (i) a global sign and (ii) the coefficients of Q. It turns

out that there are two mistakes made in [27], which lead to the incorrect value of Q. First, a minus sign was mlssed in
the second step of Eq. (4.5) in [27], namely, the right formula should be [é I(U)] = —&} (v) rather than [é I(U)] = ¢ (v),
which is the reason of (i). Second, the values of coefficients C (A M, gn—1) defined in Eq. (3.4) in [27] were incorrect,

namely, the factor (— 1)2/k there should be replaced by 1. Hence the values of Q;; in Eq. (4.17) of [27] should be corrected.
By taking the above two corrections and taking account of the different definitions of 7; (differing for each other by the factor
2), the algebraic calculation would give the same results of Q;; as in this paper. There are similar corrections for other values
of Q1. j These corrections lead to a significant change of the conclusion, namely, the eigenvalue €//XeMN Q11 0 Ok N
of V ah v on T M(A) is indeed zero. In other words, on the contrary to the conclusion in [27], our calculation shows

/\

that the inverse Volume operator V—1, ,, is bounded (zero-valued) at a trivalent non-planar vertex of the gauge-invariant
spin-network states. This conclusion coincides with the one made in [58], although different quantum versions of volume
function are adopted.

In principle, the graphical calculation method can be applied to the general cases, where the spin-network states are defined
on arbitrarily valent vertices and the holonomies appearing in the two operators are expressed in an arbitrary representation
of the gauge group. However, for those general cases, the volume operator lacks the explicit matrix elements formula. This
prevents us from doing further calculations. For the same reason, the matrix elements of the Lorentzian part of the full
gravitational Hamiltonian constraint operator have not been explicitly written down even on the trivalent vertices except for
certain special cases [23].
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Appendix A: Elements of graphical representation and calculation

A.1 Representations of SU(2), Clebsch—Gordan decomposition, and the intertwiner
To every non-negative integer or half-integer j (i.e., for j = 0, ;, 1, g, ...), there exists an irreducible representation 7 ; of

SU(2), specified by j, on a Hilbert space ‘H ; with dimension 2j + 1. The orthonormal basis of H ; may be denoted by {e(] )}

or {|jm)} in Dirac’s notation, where m = —j, —j + 1, ..., j. Given two irreducible representations 7 ;, and 7 ;, of SU(2)
on Hj and Hj,, the tensor product representation 7, ® 7;, on Hj; ® Hj, is (2j1 + 1)(2/> + 1)-dimensional reducible
representation of SU(2). The Clebsch—-Gordan theorem tells us that the representation 7, ® 7;, can be decomposed into a

direct sum of irreducible representations 7y on Hy, where J € {|ji — ja|, ..., j1 + j2}, formally,
Ji+)2
-1 _
L, (t7 (@) @7j(@) Uj i)' = @D 7). Vg e SUQ). (A1)
J=[j1—Jal
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where I}, j, is called the intertwining operator in the representation theory of groups [39]. Given bases e,(,{ h ) ®e£,{§) €eH;®H),
(or |jimy joma) = |jim1) ® |joma) € Hj, ® Hj,) and e%) € Hy (or |[JM) € H,), the components of [}, ;,, as matrix
elements, are given by

IM G (j2)

= (e - em ®emy IH; oH, = e%) (ef,ﬁ) ®e;(n’§))’

(JM|jim1 joma), (A.2)

(IjljZ)mlmz

or (Ij1j2)m1m2JM =

where e%) is the dual basis or the basis of 7. (I i fZ)mlmz M are called the complex conjugates of the Clebsch—Gordan
coefficients (CGCs) or the intertwiners. In matrix form, the row and column indices of [}, , are denoted by the latter (upper)

and former (down) indices J M and mma, respectively. Our convention enables us to regard (I i /Z)m > M s components
of the intertwiner tensor whose indices can be lowered and raised by a “metric” which will be introduced by (A.6). For given

() (j2)

M
)mlm2 = (IjljZ)mlmsz which projects the bases ey’ ® ey of H,, ® H,, onto e\ of

12
H; C 'Hj, ® Hj,. The corresponding matrix elements of representations 7 j, ® 7, and 7, in the two bases, respectively, are

related to each other by the so-called Clebsch—Gordan series

j1, j» and J, we denote (I.]

M nin
> (), @, e, (@), =y (A3)

mp,ma,ny,na

The representation 7r; of SU(2) on ‘H; induces a conjugate representation 71;.‘ of SU(2) on H;‘. via

[7Tj (g)*e?})] (eff)) = el (77,- (g_l)eflj)) : (A4)

where {e?})} is the orthogonal basis of H;f. Furthermore, the irreducible and unitary properties of 7; are preserved to its

conjugate representation 71;?. If the representation 7r; is unitary, there exists an unitary operator cY:H = H;’?, such that
[42]

CVrj@=7j@*CY & cVa@cV =" (A.5)
The operator C/) in fact defines an isomorphism between H j and H;‘. by e,(,{ ) = C,(’{Yil, e?;/) and e?}) = CZ’;.')”/ er(r{,), where

C E’%‘ = (cU )71)’””. The operator C/) and its inverse CU ! play an important role also in quantum field theories, whose
components in the bases of H; and H;f are given by [42]

Cotn v= (=) 78—y = (=18, s, (A.6)

= (€T = (1) Sy = (=1, (A7)

satisfying

C(j)Cnm’ _ Cm’nc(j) _ Sm’ (A.8)
mn'-(jy = “(j) bnm = Oy s .

CinCi’ = ey = (=D (A.9)

Obviously, C,g{,? and C ?}’; satisfy

W _ 2j ~) " 2j ~m’
Coim = (DT Cr, CUY = (=D CEY™, (A.10)
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which implies that C ) and C’"” are symmetric for integer j, and anti-symmetric for half-odd integer j. The operator C/)

and its inverse C)~ can be used to lower and raise indices of the tensors on H ;. Hence C ,(,{,2 behaves like a metric tensor.
Equation (A.5) can be written in the form of its components as

C(]) [T[j(g)] (j) = [ﬂj(g)*]mn- (A.11)
The fact that the representation 7 is unitary implies
(7¢O, =771, = 11", = [T @1, = [7;(®) " = C), [ ()™, CLl. (A.12)

where the overline denotes complex conjugation, and we have used (A.4) and (A.11) in the last two steps. By the map C/)
we can define a natural inner product on ’H*. as (CY) f c g)H* = (g, f )H_,-a Vf,g € H;. Then the base transformation

1 le b in H;, ® M, induces the base transformatlon 11 i in H* ® H*
N mmy T . mym' _mam ) IM' (])
(’.n,jz),M = L = 22 €l Climy i)™ Citrna (A-13)

ml,m2

Now let us consider the decomposition of the tensor product 7, ® --- ® mj, of irreducible representations of SU(2)
for n > 2. The composition involves n — 1 decompositions of the tensor products of two representations as (A.1) and the
choice of the decomposition schemes. Denote a; (i = 2, ..., n — 1) the irreducible representations that appeared in the ith
decomposition for a given scheme. In the following, we consider the standard scheme where we firstly decompose 7, ® 7,
into P 74, , and then decompose 774, @ 7, into € 745, and so on. We also denote a@ = {a, ...a,—1}. For given ji ..., ju,
allowable J, and compatible vector @ = {ay, ... a,_1}, the corresponding Clebsch-Gordan series reads

L= M L= ni-ny
> (55, e, (5T T = e . (A.14)

here (7.7 Yo (1 Moy (Iip), (L), ™ are th 1 CGC
where (17 m = i) = 2oty L1i2) oy o aniji)e, imy are the genera S,
the intertwiners, and often rewritten in quantum mechanics in the form (JM;a|jimijamy -+ jum,) = Zkz ik

(azka| jimy joma) - - - (J M|an—1k,—1 jumy). For the convenience of a graphical representation, we introduce

.2 M . n . . n .
(ir%) = (DX () = (=) (Ml jumy joma < juma). (A15)
J1n my-mp Jiejn mi--mpy
Notice that the factor (—1)7 1=Xi2Ji=4 in Eq. (A.15) involves only the spins Jjis ..., jn and J, not the intermediate momenta
az, , an—1. From now on, the intertwiners refer in particular to z J . The Clebsch—Gordan series (A.14) can be written
in terms of i z]l ]
. Jia M m Jia —1) ™M M
oo () @, @, (65T T = @y, (A.16)
S my-my n N

mi,..., My, ny,..., nn

and its inverse reads

@1, b 1™, = 3 (G " ey (i) (A17)

J.M.N
Itis easy to generalize the above results to the decomposition of the tensor product 7, ® - -- @ 7, (8) ® 7, 9 '®--®

T, (g)~" of k representations and n — k inverse representations into a direct sum of irreducible representations 77 on .
The corresponding Clebsch—Gordan series read
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> () T e, @, d 7
JE T S— il n Jk ni U jk+1

Mi41
mi,..., My, ny,..., np
(o= 17 N e M
b7, (G T = e (A.18)
where
. Jia mk+1---mnM_ . J:a M M 1M1 Nphiy
(ljl“‘jn>m1...mk - (lfl"'/n)m1...mknk+|~.nn C(jk+l) o C(jn) : (A.19)
Equation (A.18) can be written as
1 1 R .J;E mk+1..<mnM
> @7l @7, (7 ,,l)mlmmk 7, (1™,
mi,..., my
s mp o _ M (.]:a Pt mnN
L7 (8)] ng ZN: ()] N(P/l"'./ﬂ)nlu.nk ' (4.20)

which, in the case of J = 0, reduces to

—1yng41 —1qn, 0;a Mt 1m0 mi my
> i @7, () [ @1, - L (17,

O. a nk+1‘nn0
= (1%4 ) : A21
(18, - (A21)
.0-a M1 m,0 . X . .
Hence the tensor (l e ) is also called the invariant tensor. In the special case of n = 2, the Clebsch—Gordan
) my-my

series reads

mym N
[ﬂ-/l(g)]mlnl[njz(g)]mznz: Z ((i./{jz)_l>M | 2[TL'J(g)]MN<i1{j2)n1nz ' (A22)

J.M,N

- L= mip---my
The fact that the operator i ,{f.éj is unitary and its matrix elements take real numbers results in ((i Jia )_1) =
n M

J1n
raan) = (i "
jl'“jn M - ]1]'1 my---my :

- M
Given n angular momenta ji, ..., ju, the intertwiner space Hj, ... j, consists of the intertwiners (i lea f ) with the
nJmy---mpy

following inner product:

@ T M T My, _ Z <i J/;a/> M (i Jia ) M
) ) >V FARRN/] J1Jn mi---mpy ’ Jin my Ny H;

my,...,mp J1sendn
A AN N L O M

= ((ljl'“jn) )M/ (ljl'“jﬂ)ml---mn

mip,...,my

Z (.‘//.a/) M’(.JAZI' ) M
= 1. . 1.7 .
Jue /L T Jvedn ) ey,

mi,...,nmy

=387,70Mm,Mm 8,3 > (A.23)
. . (. T M,
where the last step can be arrived by using the fact that the matrix (i Jii is unitary.
p Jn my--my
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A.2 The basic components of the graphical representation and simple rules of transforming graphs

In this subsection, we introduce the basic components of the graphical representation and simple rules of transforming graphs
[31]. A graphical representation for the matrix elements of irreducible representations of SU (2) is also proposed. A graphical
representation is a correspondence between graphical and algebraic formulas. Each term in an algebraic formula is represented
by a component of an appropriate graph in a unique and unambiguous way.

The Wigner 3 j-symbol is associated with the coupling of three angular momenta to give a zero resultant. The 3 j-symbol
has simple symmetric properties and hence is easier to handle than the CGC. The 3 j-symbol is defined in terms of the CGC
by [41,42]

i j3> (_1)1'1—jz—m3 G ] ) (_1)4/’1—1'2—]3 o . ()
= ———=— (3 —m3ljimijamz) = — e Z(J3m3|Jlm1J2m2>Cm3m (A.24)
my my mj 273+ 1 2j3+1 m,
or
j i 7 — (1)1~ ; 1 2 J3 mims
(jams| jimi jomz) = (=1) ‘/2’3“2,("11 e m,3> Ciiny - (A.25)
ms

The 3 j-symbol takes non-vanishing value when the parameters of the upper row (ji, j2, j3) satisfy the triangular condition
(i.e., |j1 — j2| < j3 < j1 + j2) and when the sum of the parameters of the lower row (m, my, m3) is zero. The parameters
Jji and m; are simultaneously integers or half-integers, such that each of the numbers

Jitmi,  ji—mi,  ji+j+j—jit+jp+i i—p+jn i+ j2— 3 (A.26)

takes some integer. The 3 j-symbol has the following properties. An even permutation of the columns leaves the numerical
value unchanged, while an odd permutation is equivalent to a multiplication by (—1)/11/2%/3 je.,

(jl 2 j3> Z(_Djlﬂ-ﬁ.,g(ﬁ Js fz), (A27)

mp mja m3 mip ms3 mj

Moreover, the 3 j-symbol has the symmetric property

(]1 b J3> (—1)Ji+iztis (_fl VR ) (A.28)

mi mz m3 mip —m3z —ms3
which reflects the fact that the 3 j-symbol takes real numbers (dues to the real CGCs), i.e.,

Ju J2 J3 — Z C(]l) C(]Z) C(]?) .]1/ .]2/ .]3/ — Z C(]l) C(./2) C(]3) , Jl/ .]2/ .]3/ ,
mi mp m3 mymy ~ mamy ~mymy my m, ms mym'y = mamy  mymyy my m, ms

my,mf,m’ m,m’,m

i BN_ (72 mym'y mamly mzmy (Jij2 J3 A2
X (ml my m3> <m] my m3> Z C(]l) C(]2) C(J}) (m/] n/l/2 mé) : ( : 9)

ml n‘l m

The orthogonality relation for the 3 j-symbol is expressed as

L . 5.
JiJ2 J3 1 2 J3 3 J3
Z <m1 my m3> <m1 my m3> 2j3 + 18’"% my: (A.30)

my,m3

Furthermore, the 3 j-symbol is normalized as

)3 (Jl b2 J3)<J1 2 Js)zl_ (A31)
mip mp mj nip mjymsjs

myp,ma,m3
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The graphical representation of the 3 j-symbol was collected by Yutsis in [30] and slightly modified by Brink in [31] for
convenience. The 3 j-symbol is represented by an oriented node with three lines, which stand for three coupling angular
momenta ji, j», j3 incident at the node [31]. The orientation of the node is meant for the cyclic order of the lines. A clockwise
orientation is denoted by a — sign and an anti-clockwise orientation by a + sign. Rotation of the diagram does not change the
cyclic order of lines, and the angles between two lines as well as their lengths at a node have no significance. Consequently,
any geometrical deformation of the diagram which preserves the orientation of the node does not change the 3 j-symbol
represented by the diagram. The 3 j-symbol can be written in the graphical form

ms3 ma
. . . -3 2
JuoJ2 By, _h /A = L )
mq np ms j j
2 3
ms mga (A.32)

The property (A.27) of the 3 j-symbol implies

mz mz m3

J3 J2 J3
1y 1 <+ = (=1)/rtith 7711% = (=1)/i+iths 7711% .
2 my s my 2 my (A.33)

The “metric” tensor Cr(n//zn in Eq. (A.6), which occurs in the contraction of two 3 j-symbols with the same j values, is denoted
by a line with an arrow on it as

Coty = (D6 e = (™ S = L (A.34)
and its inverse in Eq. (A.7) can be expressed as
Cly = D S = I S = L (A.35)
A line with no arrow represents the expression
O = m;m’ : (A.36)
In a graphical representation, two lines representing the same angular momentum can be joined. Summation over a magnetic

quantum number m is graphically represented by joining the free ends of the corresponding lines. Equation (A.25) implies
that the CGC can be represented graphically by

my

(ams|jimy jomy) = (=)=~ h /2j3 +1 >N—mg = (=)=~ /2j3 + 14 J .
T2 - 7 s

ma (A.37)

Therefore, the graphical representation of the intertwiner defined in Eq. (A.15) is

el m, My
G | e R e G I I

i —_ (A.38)

and the generalized intertwiner in Eq. (A.19) can be repressed by

my my my My m,

n—1
7 M1 My M . . . P .
(l;a] ) * = | | ‘/2al~ +1V2J+1 j\L J‘ Jk‘ JH# J,f
J Jn/my-my

.................. M

=2 - & - = (A.39)
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As an ingredient of the flux operator, the spherical tensor [7; (ru)]m,m in Eq. (3.7) can be represented graphically by

. o . n
A g — , I .
(7T )", = 5 V272j+ D(2j +2) b= o V2j2j+ D2j+2) Lo
2 ek 2 A B

(A.40)

Now we outline some useful rules of transforming graphs, which can simplify our calculation of the action of operators
on the quantum states in LQG. The frequently used rules for adding or removing arrows in a graph read

m—e J —m' T m— ] <m' = WL;m’ ’ (A.41)
. _ . _ 2j .

m - m T m— ) - m = (=D m]—m’ 4 (A.42)
J = (DY,

m=———m' = m——-e——m’ > (A.43)

ms ms m3
) ) o J
m— = m—G = my—d + s
J2 J2 J2
ma ma ma (A.44)

which correspond to the algebraic formulas in Egs. (A.8), (A.9), (A.10) and (A.29). The rule to remove a closed loop in a
graph reads

J2

] - 3 Js ,
T 3 = M3 ————— 1113 >
2j3+1 K
\ﬁ/ 3 (A.45)

\J/ (A.46)

The special 3 j-symbol with one zero-valued angular momentum is related to the “metric” tensor by

0

. o . 0, .
(j ] 4 8) = 61,/ C(J’) < m j u = 61’/ m J m'*
m.m 2j+1 " > 2j+1 T
TN v (A.47)

Coupling four angular momenta to a zero resultant will involve the jm-coefficients. The jm-coefficients corresponding to
different coupling schemes are related by the 6 j-symbol. The 6j-symbol is defined by ([41] p. 94)

vz 3| ._ Z 1 2 J3 J1 Js Je Ja 2 Je Ja Js J3
Ja Jjs je| my my m3 ) \m' ms mg ) \my mh me) \ms ms mj

allm,m’
mimy mhmy mim3 mimy msms _mgme
*Cin Cun Cun Cun Cusn o (A.48)
Graphically, we can express the 6 j-symbol in Eq. (A.48) as
vz gl _
Ja Js s
(A.49)
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where in the last step we have used Eq. (A.44) to remove three arrows. Taking account of the definition of 6 j-symbol in Eq.
(A.48) and the fact that the 3 j-symbol is normalized in Eq. (A.31), we can easily show the following identity (see [41], p.
95):

Z J1 Js j6/ jzt J2 J6 Ja js/ J3 C:@Q;mq%;nsqn_@)rnc _ () 23 J:1 jz ]:3 _ (A.50)
., \myms mg ) \my my me ) \mg ms m3 J4 Js J6 my mym3/ | ja J5 Je

my,ms,me,my,my,me

Hence we have the following graphical identity:

(A51)

The following algebraic relation between two different coupling schemes:

JU J3 Js\ ~msms (s j2 ja . i+ jatjs+js JJL J2 Je| ((J1 J2 J6 '\ ~memg [ Jo J3 J4
c. — 2 D(—1)2+73+is+is c”
Z (ml m3 ms) Us) <m’5 ms m4> Z @Js + D=1 {j4 J3 js} (ml ma m6> (o) <m’6 m3 m4>

ms,m Josme,mg

(A.52)

corresponds to the following rule of transforming graphs:

my 4

:Z(2J6+1)(—1)/’2*/’»‘*/’5“’6{]:‘ J2 fiﬁ} >_L_< .
= Ja J3 s e BN, (A53)

Using Eq. (A.33) and the symmetric properties of 6 j-symbol, from Eq. (A.53), we can get

my T omg

my . my my . my

e = Sajer ey (i) X e
7 N Jao B0} A 0N, (A.54)

Similarly, using Eqgs. (A.33) and (A.54), we have

my .My m3 my
1

=Z<216+1)(—1)/*'/’2*/‘-**-/’4{]:‘ Ja /:6} NI
'm;;" 2 ma Je 2 mzh 1 my (ASS)

Note that Brink’s graphical representation in [31] does not involve how to represent graphically the matrix element of the
representation of SU (2). Here, we will extend the Brink representation and propose a graphical representation for the unitary
irreducible representation 7 ; of SU (2). The matrix element [7; g)]mn is denoted by a blue line with a hollow arrow (triangle)
in it,

J

(71", = m (A.56)

The orientation of the arrow is from its row index m to its column index n. The matrix element [7; (g~ Hr . in Eq. (A.12)
can be presented by

(o~ 1" = jl — J
[7i(g 1", n—b—m n«—@—»—m (A.57)
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Up to now, we have expressed the quantum states [the spin-network states in (2.13)], and the two elementary operators (the
holonomy and flux operators in (2.17) and (2.19)) of LQG in the graphical form. The Clebsch—Gordan series in (A.22) can

be represented by

Ji
. J3 . .
my —@— my J14-J3 N Js—J1 J14J3
— . my : g : my — . my -
f 2@+ D™ 1> = > i+ 0" T
J3 mo

i ’
ma —[}— mh 73 m2 msy

J3
N
2

Js—J1
> mi
j2| ’
my
(A.58)

where, in the second step, we used (A.43) to flip the orientations of two arrows. Using Eqgs. (A.57) and (A.58), we have

my

J1 Ji s
7nl—E— mi ml my ) NG J14-J3 Js—J1 -
. = . = 2 + h . 1
J2 J2 Z( J3 ) '.72 JZ’
J3 meo

my ———— s m ml

. J3

J14J3 : Js—i1
. my my
2.2is+ 1) —r—{b—q—ﬁ > :

’
J3 ma ms

Appendix B Proofs for some identities
B.1 Proofs of algebraic identities in Egs. (3.7) and (4.8)

By the definition of the matrix element

( ) m . _ i ( t‘L’,') m’
[z;(z)]™ , = dr t:O[nje | .

we get

, i — Fp—
[7; )™, = —5\/J G+ —m'm 4+ 1) 8y — 5\/] G+D—m —1) 8 i1,

A 1 —
[7; ()", = 5\/1 G+ —mm +1) 8y — Em G+D—=m'm —1) 8 i1

[7Tj (m)]" m = —im' S’ m-

Hence the matrix elements of 7, (u = 0, 1) defined in Eq. (3.6) read

[ e)™ ,, = [ ()", = —i m' 8y .
/ 1 ! ! 2

by 0l = = (@1, + i, = +,§\/,~(,~ D —m "= 1) S
/ 1 ! ’ 2

[rj(z-D]" ,, = +ﬁ ([ﬂj(fl)]m m — il (m)]" m) = —ig\/j(j + 1 —m'(m" +1) 8 m—1-

Taking account of the specialized formulas for the CGCs,
/!

. . m . ] 1 ] "o
(jm10]jm") = msm’,m =—v2j+1 <m 0 m”) CEVJI')m ’
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e G —m e = D) e (J U
(jmlljm’) = _\/ 257G+ 1) Sm/om1 = —v/2j +1 mlm’ C(j) , (B.9)
o iG D —m e 4 1) 5 U0 e
(jm1 l|]m)—+\/ 576+ D Swm—t = —v/2j +1 (7 ) C™ (B.10)
we get
. m’ _i A . Jj1j m”m’_i e . L jj m"m’
7 (@ol™ ,, = 5v2i @)+ D2j+2) (m Mm//> Cty"™ = 5V2i @i+ D2j+2) (M S m) ciy" (B.11)
By definition (3.6), we have
L ) " (e ) B.12)
TN =——F=(T4+1 —T-1), T2 = —F7(T11 —1), T3 =T19. .
NG + 5 +
Then
[j, G)1™ L, 1™, = = [y (e D™, [, (01", = Dy (0™, [, (201",
+ [y, ()™, L, (2™,
= — [, (m)I™,, CHY [y, (L™, (B.13)

B.2 Proofs of graphical identities in Egs. (4.14), (4.15), (4.16) and (4.17)

Equation (4.14) can be proved by

Jr i . . .
= (=1 ar+artin }“ i “<i _ (_1)—(a,+a,,,+j,)z(2a/ + 1) (=1t JIap-i a; X g ”i
JI ar) - I aj 1 JI) /oy 1

T “
. N
= (_1)—(al+al-1+jl) Z(za' + 1)(_1)01-1+1+j1+a}(_1)a1+a}+1(_1)j1+a,_|+a} Jr ai-1 a'l }_ﬁ_g
! a 1 ji) 4. 1

;
a

Jr

= ’ _{yeapsi JA-1 JE o ar -
Z(ZGI + D(=1) 1 { 1 a; ]1} a1 - a TR
a

(B.14)

where Eq. (A.33) was used in the first and third steps, (A.53) was used in the second step, and we used the fact (- =1
and the symmetric properties of the 6 j-symbol in the last step.
Equation (4.15) can be shown by

JK i . ;
1 k JK . QK- . b’ JK o, QK-
— X ' K 4k b
t o= >—L—< = E (2B, + 1) (= 1)+ Itixtbies L/ K-18 3 ol
K 1 O N ag-1 1 JK i 1

aK—1— aK k-1

_ p axs b b | Jkak Dl | NE g M
= > @by + (=) k1(=1) “{a,H Lo } P S

Ix ag 1

’
K-1

_ ’ _1\ax—b_ +jk+1 ) AK JK
- Z(ZbK—l + 1)( 1) R { 1 b’K_l
by

(B.15)

where Eq. (A.53) was used in the second step, and in the last step we used Eq. (A.43), the fact (—1)_417/1@1 = 1, and the
symmetric properties of the 6 j-symbol.
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Equation (4.16) can be proved by

|.]1 1 a , aj_, a,
_ D\ a1 o (_1)“1—1"’“1,1‘*1 N a1 4
aj - ) \
-1 aj—1 a',71 0 il 7

1

ap_+a,_ +1 , Ji+l+a+d) a;,1 Ji a; “la
(-1) -1 Q2a; + D)(-=1) ! + G
-~ aj 1 a1
aq

- (_1)a,,1+a27]+1 Z(Za; + 1)(_1)j1+]+a1,]+a;(_1)—(a1+a1’+1) {a;_l jl

v
a

- Z(za; + D)= Dttt (gt {’1’ g
a

ap

(B.16)

where Eq. (A.33) was used in the second and fourth steps, (A.53) was used in the third step, and in the last step we used the
symmetric properties of the 6 j-symbol and the exponents were simplified.
Equation (4.17) can be proved by

Jm A1 1 b 41 Ay b,
— Am m
a - a [ 1 S (_1)a’7’+ w 4, & I
R M I BN >; 1\/\
. ’ Am—1 b,
= (=1)@+bit] E @b, |+ 1)(=1) Himtantb), al;":l 1 - J} by <+
b m Jm am Jm

m—1

= D @b}, + (=1t () b (el {“"’,‘1 !
— by Jm

m—1

/ bt (=1 dm=an =,y (1 yam-1 4B, +1 ) Am=]
:;(%’"'1 + 1) (=)@ ont Ly~ Imdn=an b (1) n+bn,,+1{ "

m—1

= @)y + D1 Dt {Jm S
P 1 a,

m—1

(B.17)

where Eq. (A.33) was used in the second and fourth steps, (A.53) was used in the third step, and in the last step we used the
symmetric properties of the 6 j-symbol and the exponents were simplified.

B.3 Proofs of graphical identities in Egs. (4.18) and (4.24)
Equation (4.18) can be proved by

o) — a; — by a) + ar — b, o, + ar — b, ay, + a; — W,

TCT e T g e T T = e g

1 ) 1 1

K

ay + ar — . 6al/ab’

’ +1 2a; K, l —aj+1 ¢
= (=D=M T J = (=D& ey —
J

(B.18)
where the identities in Egs. (A.33), (A.44), (A.41), (A.42) and (A.45) were used from the first to last steps.
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Equation (4.24) can be proved by

(U SR N Y N N
= (Y V2ji+ T = (7 y2a + 1y2a + 1 A—J—»

where the rules (A.41), (A.47), (A.44), (A.41) and (A.43) were used from the first to fifth steps, and in last step we denoted
ap=0,a; = ji.

(B.19)

B.4 Proofs of graphical identities in Eqgs. (5.21) and (5.22)

The graph on the left-hand side of (A.51) can be transformed to

(B.20)

(B.21)

where we have used the rules (A.41)—(A.44) of transforming graphs. Hence Eq. (A.51) is equal to the following graphical
identity:

(B.22)

my ' my

Ja
IN G, — (_1)j1+j2+j3 i + VR WA

Jy Jy
2
iy I iy

(B.23)
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Graphically, Eq. (5.21) can be proved by

= (- 1)2><2+2]2( 1)/1+17+13( 1)2><2( 1)1 +12+J31 > }J\{
L l
=—(- 1)J'+11 2( l)h+]3 z{]] 2 J1 }{ 1 2 } '}’j\{»
]2 o2 \Js ]2 J3 NG

: (B.24)

where we have used the rules (A.41)-(A.44), and (B.23) in the third and fifth steps, respectively. Similarly, Eq. (5.22) can be
shown by

2

s

N
1 . . 1 I .
= (~ 1)) (— it {J~l ; ’-r‘}{]"l ; ]'l} A
) WUz J2 U3 NG (B25)

where we have used (B.23) in the second and fourth steps, and used the fact that the allowed triple (j3, j3, j1) satisfy the
triangular condition in the fifth step.

B.5 Proofs of graphical identities in Egs. (6.18) and (6.25)

The identity (6.18) can be proved by

a| 3 1 il 2
o e i e
il oz
( ])2] +1{% . %} ‘QF ( 1)2JI+1( ])2]]+1 {]1 2 1} 1#»: ] % 1} J‘IF’
vy 3 Ly 3 (B.26)

where we have used (A.51) in fourth step, and used the fact that (=% 1+2j1+1 — [ in the last step, since the allowed triple
(1» J1. %) satisfy the triangular condition.

V

Se—
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Equation (6.25) can be obtained from

; — 2a + 1)(—1) 1 +is+irta J.2 J3 a : a J+
N Za:(a =1 {Jl L jof A4 h

= 2, (-1 I+j3+j2ta .]:2 j3 a _1 Jitatl -1 2a 2, Jl
;(m)() {111]2() (1 S

= (=1)/1ttss Z(za +1) {]13 J.z Cl} a 1‘ ’
‘ "N (B.27)

where in the second step we have used the identity (A.53).

B.6 Proofs of algebraic identities in Eqgs. (7.5) and (7.6)

To prove Eq. (7.5), we denote [ j, (tl-)]"’ml [, (tj)]”/mj [ (T 1K
we have

my by [Ti Tj Tk lnymynymyngmy - Taking account of (B.12),

1 i .
T — T = A [t = D (1 + 7o) — (g1 + 7o) (41 — 7)) | = —i(T1721 — 11740, (B.28)
Then we have

€ijklmj (T, L, I, (e @IS, = €312t lnymnymyngmg + €1320T1 732 nympnymyngmg

+ e23[m2T T3]n1m1nJmJnKmK + e312[137) TZ]n,m,nJmJnKmK
+ e[ Tilnmmymmgmg + €213 02T nympnymyngmy

=[nnn - T2Tl]n1m1njmj [73]nKmK + [T3]n1m1 [tiT2 — ‘Cztl]I'leVljlleK
— 1312 — BT mnymyngmy

= —iltp1t—1 — 1Tt lnympnymy [0 Ingmg — 11701 m, [T417-1
- f—lr+l]njmjnKmK — (=D[t4170T-1 — T—I'CO'C—&-I]n[mlnjmjnKmK

= _i[e-l—l—l 0T+1T—1T0 + €—14+10T—1T+1T0 + €04+1-1T0T+1T—1
+ €0 1417071741 + €-104+1T-1T0T41 + €410 -1 T+170T—1lnymynym ngmg

= —i€uplTu T Tplnymmymngmy

= _ie;wp [7Tj1 (.['u)]’llm[ [jTjJ (TU)]njmJ [7Tj1< (Tp)]nKmK s (B.29)

where €, is the Levi-Civita symbol defined by € 191 = 1.
To show Eq. (7.6), notice that

Py 11
(—1 0 1) =6 oot (B.30)

Recalling the symmetric property of the 3 j-symbol in Appendix A.2, an even permutation of the columns leaves the numerical
value unchanged, while an odd permutation will lead to a factor (=D = 1 for the 3 j-symbol in Eq. (A.33). These

. 111
symmetries of the 3 j-symbol are the same as those of €,,,,,. Hence we have €,,,, = +/6 <M ; ,0)'
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Appendix C The diagonalization of the volume operator in 2-d intertwiner space

We denote
1) = 11/2, i, jos jzias = jy = 1/2,a3 = j3,J = 0y = \2a; + 1 y2a5 + 1 L I
w=ji—y ©ThT=0 (C.1)
@2 = 1172, i, jo jsiaa = ji + 1/2,a3 = ja, ] = 0) = \2ay + 1\2a3 + 1 O
=4 E ®w=0 T T=0
q+3 (C.2)
The matrix of the operator ig i3 in the above two states reads
(Go: )= <0[1|i52j{j2j3|a1> <0€1|iq:j;j2j3|052) _ R 0 (al|i‘§j{j2j3|0l2> _. (0 _ib>. C3)
1273 (a2ligjrj, jslan) (@2ligjr j, j5lo2) {2ligr j, jslar) 0 ib 0
The eigenvalues and corresponding (normalized) eigenvectors of ig Jjnjs Are given by
P = () = - (7 (C4)
1=-b — |€1>—ﬁ1,2— - |€2)—\/z N :
Hence we obtain
2 2
SN ey =" leaderl Jligs 50 o) = D VIl e exle) = Vbl e}, i =1,2. (C.5)
k=1 k=1
Now we derive the value of |b|. Using the matrix elements of (a’|§234]a) in Eq. (4.36), we have
. R A g1
(a1lgjij,jslaa) =({az =1 = j; — 5| 9itiis |92 = 1 + 5
= — DRI GDX L )X G, o)
1 ./ v 1 A
oA ) > J1 i t+al O
X 4/2 /(2/+2)(23+1){2 . . 2
Sand / Lji—3% i 1j3 j3
. . . 1 . 1 . .
x [(_1).i{—;+j3 {13 L Ji + z} {11’ —2 2 {3}
Lj—2 »n L3
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. —(—1)fi+3+is {13 E i + z} {J{ +2 2 J3H
Lji—=2 »n L j3)p
1
T I N O I N A R N AV Y
=|\\htntits)\hth-nts5)\h-ntits)(-hatitists)] - (C.6)

Therefore, we have
03 g3/2 3 g2 03 g3/2
S NNy s i) = =

42 ! 42

Vi) =

p NP A N AP
VIblle) =~ [(h +itis+ 5) (J{ +i2 =

]
J3 2

1

T . A W
X<J1_J2+J3+§)<—J{+J2+J3+§):| ;)

= V(1/2, ji, j2, 3y a2 = ji +1/2,a3 = j3) i), i=1,2, (CT)

which reveals that the volume operator is diagonal in the 2-dimensional intertwiner space.
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