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Abstract

In this paper we will make a survey of solutions to the Wheeler-De Witt equation
which have been found up to now in Ashtekar’s formulation for canonical quantum
gravity. Roughly speaking they are classified into two categories, namely, Wilson-
loop solutions and topological solutions. While the program of finding solutions
which are composed of Wilson loops is still in its infancy, it is expected to be de-
veloped in the near future. Topological solutions are the only solutions at present
which we can give their interpretation in terms of spacetime geometry. While the
analysis made here is formal in the sense that we do not deal with rigorously regu-
larized constraint equations, these topological solutions are expected to exist even
in the fully regularized theory and they are considered to yield vacuum states of
quantum gravity. We also make an attempt to review the spin network states as
intuitively as possible. In particular, the explicit formulae for two kinds of measures
on the space of spin network states are given.
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) 1 Introductlon

: '1 1 Motwatlons for quantum graV1ty

o By a large amount of empirical evidence i in astrophysms it turns out that general rela- '
- tivity describes almost (more than 99 percent) correctly classical behavwr of the gravi-
‘tatlonal interaction. “According to the singularity theorem demonstrated by Penrose and

B Hawk1ng[47] however, general relativity necessarily leads to spacetlme singularity after
“the stellar collapse or at the beginning of the cosmologlcal evolution as long as the en-
o ergy. momentum tensor satlsﬁes certain p051t1v1ty conditions. This intrinsic pathology
- ‘:suggests that general relat1v1ty is in fact the effective theory of a certain more funda-
mental theory of gravity, which is called the theory of quantum gravity. It is natural to

- think that in the very early period of the umverse in which the charactenstlc scale of '

. the system is the Planck length Lp = (Gh/c®)!/? ~ 10~33cm, or the Planck energy scale

Ap = hc/ Lp ~ 1019GeV nonperturbative effects of quantum grav1ty spoil the validity of
'general relat1v1ty and therefore the 1n1t1al singularity is circumvented. This is the main
' motxvatmn for quantum grav1ty from the perspective of general relat1v1t1sts '

- Particle phys1c1sts have other motivations. Most quantum field theories 1nclud1ng the
‘Standard model are plagued with the problem of ultraviolet divergences. Among these UV
: dlvergences some relatwely tamable ones are handled by the renormalization prescmptmn '

Here a natural hope arises that the UV divergences may be removed by taking account
“of quantum gravity, because it is concelvable in quantum grav1ty that the physms at the -
. Planck scale is qulte dlﬁ'erent from that at our scale.



More ambitious particle physicists attempt to construct the unified theory in which
all the four interactions— gravitational, weak, electromagnetic and strong interactions—
are described by a single entity. To do so gravitational interaction needs to be quantized

" because the other three interactions have already been quantized.

} B_ecause‘quantum gravity is essentially the physics at the Planck scale which is far

~beyond our experience, it is no wonder that we have not yet acquired a consensus on
‘what the theory of quantum gravity would look like. In consequence there are many
,approaches to quantum gravity [50). Among them, the followmg three approaches are
v1gorously investigated: -
i) superstrmg theory. In the mid seventies perturbative quantization of general rela—
‘ t1v1ty turned out to be non-renormalizable. This result lead particle physicists to consider
that general relativity is the low energy effective theory of a more fundamental theory
- which is presumably renormalizable (or finite). One such candidate is the theory of super-
* strings, in which the gravity is incorporated as a massless excitation mode of the closed
string. Recehtly ithas been clarified that the strong coupling phase of a superstring theory
is described by the weak coupling phase of another superstring theory[48] [87]. A series of
these recent discoveries is expected to accelerate developments in nonperturba,twe aspects
of superstrmg theory; ‘ :

. ii) discretized quantum gravity. Another natural react1on to the non-renormahzablhty
of general relativity is to consider the nonperturbatwe quantization of general relativ-
ity. There -are two main approaches to implement this, discretized quantum gravity and
canomcal quantum gravity. In discretized quantum gravity, we first approximate the
spacetlme manifold and the Einstein-Hilbert action by a simplicial complex (a connected
set of four—s1mphces) and by the Regge action respect1vely[75] Quant1zat1on is performed
by numencal path 1ntegral methods, namely by taking a summation of various numerical

'conﬁgura,tlons There are several choices of independent variables, the two most typical
ones among - h1ch are seen in Regge calculus and in dynamical triangulations(2]. In Regge

- calculus we fix a trlangulatlon and use the edge lengths of four-simplices as dynamical
va,rlables Whereas in dynamical triangulations we set the edge lengths to unity and sum
up all the p0351b1e ways of triangulations. While we have not yet extracted physically

“meaningful mformatmn on four dimensional gravity, this approach is expected to yield
some intuitive plcture on quantum gravity in the near future;

| iii) canonical quantlzatlon of general relativity. Some general relativitists consider
that splitting the metric into background and quantum fluctuation parts is the origin of

- :the failure in the perturbative quantization of general relativity. They therefore antici-

pate that it may be p0351ble to quantize general relativity if we deal with the metric as
a whole. Insp1red by this anticipation canonical quantization for general relativity has
been investigated for about thirty years. While the metric formulation seems to be too
~ complicated to solve, since Ashtekar discovered new variables which simplifies the canon-



ical formulation[4], Ashtekar’s formalism has been actively investigated by many people
[82]. This Ashtekar’s formulation for general relativity is now considered to be one of the
'promising approaches to quantum gravity. |

In the following we will explain more precisely this canonical approach.

1.2 Iesues on canonical quantum gravity

-+ Canonical quantlzatlon in the metric formulatlon starts from the (3+1)-decomposition of
the spacetlme metric: :

Cds? —gwdx“dw =—N2dt2+qab(dx +N“dt)(d:c +N”dt) )

| By pluggmg thls into the Emstem-Hllbert action I ey = [ Md :c\/—-gR,' we obtain the
A ADM act10n[3] ‘ ' '

, IAbM = /dt /Afr(a) d3x[’ﬁab%b ~NH - NaHa]’ ‘ o (1-2)
where H* and H are respectively the momentum constraint and the Hamiltonian con-
straint. If we perform Dirac’s quantization, these two first class constraints yield the
constra1nt_ equations imposed on the wavefunction U(gu). The momentum constraint He

requires ¥(gqp] to be invariant under spatial diffeomorphisms. The Hamiltonian constraint
H yields the notorious Wheeler-De Witt (WD) equation[32]

Ve e VARG )} ¥ou] = 0, (13

where (3)R( ) is the 3-dimensional scalar curvature ‘This WD equafoxon is considered as
the dynamlcal equation in canonical quantum grav1ty ' \ .

- Canonical quantum grav1ty is known to possess 1ntr1n51cally the followmg conceptual
problems RN : ' :

1) Because the WD equatlon is the Klem—Gordon type equafmon Wlth signature

('—7+7+7'!')+7+) X OO »

_we cannot construct any positive semi-definite inneréproduct which is conserved by the
WD equzition7 Thus we do not know how to interpret the wave function U{gq).

~.ii) The “issue of time” in quantum gravity[58]. The Hamiltonian of canonical quantum
gravity is given by a linear combination of the first class constraints (H,H®). As a
result the evolution of the physical wavefunction ¥[ge) (or of physical observables) w.r.t.
“the cobrdine,te time t is trivial. This naturally follows from general covariance of the
theory. Several remedies for this problem have been considered. For example, to identify
a gravxtatxona.l degree of freedom or a matter degree of freedom with a physical time. The
former is called the “intrinsic time” and the latter is called the “extrinsic time”.

[



These conceptual problems originally stems from lack of our knowledge on the quan-
tization of diffeomorphism invariant field theories. In order to resolve these problems, we
~ therefore have to investigate more extensively these diffeomorphism invariant quantum
ﬁ:eld theories such as quantum gravity. When we try to carry out the prograin of canonical
quantum gravity, however, we always run into the serious technical problem. Namely, the
Wheeler—De Witt equation (1.3) is so complicated that we have not found even one solu-
tion to it.! This severe fact had confronted the researchers of canonical quantum grav1ty
until 1986 when the new canomcal variables were discovered by Ashtekar [4]

1. 3 Ashtekar s formalism and solutlons to the Wheeler-—De Witt "
'_ equatlon '

As we will see in §2, the Wheeler-De Witt equation takes a simple form if written in
terms of Ashtekar’s new variables. We therefore expect that the WD equation is solved )
in Ashtekar’s formalism. In fact several types of solutions have been found Roughly
speakmg they are classified into two classes.

One is the class of “Wilson loop solutions” [52][49][36][37] Whose fundamental ingre-
dient is the parallel propagator of the Ashtekar connection A} along a curve ¢ : [0,1] =
M(B) : .

h [0 1] = ’Pexp{/ dsd®( A’ (a(s))J}

Recently there have been remarkable developments in the apphcatlon of spin network
states (the extended objects of Wilson loops, see §3) to Ashtekar’s formalism [8] [9] [10]
(12] [14] (78] [79]. Inspired by these developments, progress in the area of constructing
solutions from parallel propagators is expected to be made in the near future.

While finding Wilson loop solutions is a promising program, as yet we have not reached
the point where we can extract physically interesting results. The other class of solutions,
however, '__ai"e considered to have definite signiﬁcanCe in quantum gravity. They are the
: topological’s01uti0ns[55][20] which are regarded as “vacuum states” in quantum gravity
[83][66]. These solutions therefore guarantees at least that the efforts made in canonical
quantum gramty w1ll not completely be in vain. '

1.4 ‘An outline of this paper

In this paper we will make a survey of developments and issues on the solutions for
canonical quantum grav1ty B
§2 and’ §3 are devoted to an extensive review of the bases necessary to read this paper.

1Qulte recently a class of solutions to the WD equation (1.3) have been found[57] Their physical
.-s1g111ﬁca,nce has not been clarified as yet.



In §2 we explain classical and quantum theory of Ashtekar’s formalism[5]. We fol-
lowed the derivation by way of the chiral Lagrahgian[24]. In §3 the results on the spin
network states are reviewed. The notion of spin network states is a kind of general-
ization of link-functionals in lattice gauge theory[56]. It was introduced into quantum
general relativity in order to construct a mathematically rigorous formulation of the
loop representation[77], which is expected to describe neatly the nonperturbative na-
ture of canonical quantum gravity. While recent progress on the spin network states is
- striking[8][9][10] [12][14][78][79], their underlying ideas have been obscured because of the
necessity for mathematical rigor. This makes this area of “applied” spin network states
inaccessible to the usual physicists. So in that section we will make a maximal attempt
to provide the results in the forms which are familiar to the physicists®. In pa,fticula,_r we
give several explicit formulae for the measures defined on spin network states. They are
useful in proving the consistency of the measures and, in particular, in showing completely
that the set of spin network states forms an orthonormal basis w.r. t. these measures (the
" induced Haar measure and the induced heat-kernel measure).

Most of the subject in §4~8§6 is based on the author’s recent Works[36][37][38][39]

In §4 we present Wilson loop solutions. We first compute the action of ¢ ‘renormalized”
scalar constraint on the spin network states. Then we provide simple solutions which we
call “combinatorial solutions” to the renormalized WD equation. After that we explain
- why we cannot extract physically interesting results from these solutions. As an attempt |
to construct physically interesting solutions, we will introduce in §5 the lattice approach to
Ashtekar’s formalism. There a set of nontrivial solutions— “multi-plaquette solutions” —
to a discretized WD equation is given. Some properties of these solutions indicate a
- direction of future deVelopments in this area. Topological solutions are investigated in
§6. “'We will focus on the semiclassical interpretation of these solutions and show that
they semiclassically represent the spacetimes which are vacuum solutions to the Einstein
equation. In particular in the case of a vanishing cosmological constant, each topolog-
ical solution corresponds to a family of (3+1)-dimensional Lorentzian structures with a
fixed projection to the Lorentz group. In that section we will also show that Ashtekar’s
- formulation for N = 1 supergravity also possesses topological solutions by unraveling
' the relation between GSU(2) BF theory and N = 1 Ashtekar’s formalism. In §7 a brief
. comment is made on solutions[31], including the Jones polynomial [22][23][41](42] in the
loop representatmn[??], which are not properly contained in the above two categories.

Here we will explain the notation used in this paper:

- a, B, -+ denote SO(3,1) local Lorentz indices;

2., vy stand for spacetime indices;

2To a reader who is interested in the mathematically rigorous formulation, we recommend to read [6]
and references therein.

b



3. a,b,:-- are used for spatial indices;
4. A, B, .- represent left-handed SL(2, C) spinor indices;

5. ¢,7,--- denote indices for the adjoint representation of (the left-handed part of)
SL(2,C). J; stands for the SL(2, C) generator subject to the commutation relation
[Ji, Jj] = Giijk;

6. &b ¢ A,,bc) is the Levi-Civita alternating tensor density of weight +1 (—1) with &2 =

€23 =1;

7. €% is the antisymmetric (pseudo-)tensor with €' = 1;

| 8. €AB (eqp) is the antisymmetric spinor with €12 = ¢;5 = 1;3

9. relation between a symmetric rank-2 spinor d)AB and its equivalent vector ¢ in the
adjoint representation is given by ¢A2 = ¢*(J;)4®, where (J;)4 5 is the SL(2, C) gen-
erator in the spinor representation subject to (J;)45(J;)¢ g = —16965+ 175 (Ji)4 5

L

10. D d:z:“D denotes the covariant exterior derivative with respect to the SL(2,C)
connection A=AJ; and ; -

11, indices_'located between ( and ) ([ and ]) are regarded as symmetrized (’antisym-
metrized).

- For analytical simplicity, we will consider in this paper that the spacetime M has the
topology R X M® with M® being a compact, oriented, 3 dimensional manifold without
boundary

2 Ashtekar S formallsm

| 2 1 Classmal theory

In this sectlon'we prov1de a review of Ashtekar’s formulation for canonical general rela-
tivity. Ashtekar’s formalism were originally derived from the first order ADM formalism
by exploiting the complex canonical transformation [4][5]. In order to derive it from the
outset, however, it is more convenient to use the chiral Lagranglan formalism[24]. So we
will take the latter route. '

- 3These antisymmetric spinors are used to raise and lower the spinor index: ¢4 = eABypp, ¢4 =
B
PreBA-



First we consider the usual first-order formalism of general relativity, whose action is
called the Einstein-Palatini action with a cosmological constant A:

1
T v

where e is the vierbein and R* = dw®® + wy A w" denotes the curvature of the spin-
connection w*. Equations of motion are derived from the variational principle w.r.t. the
vierbein e* and the spin-connection w®, The results are respectively given by

0 = €apyse” A (R — -§e"’ Aed)

0 = enpyse’ A(de’ + 0 A€). (2.2)

If We_'a,ssumé.tha,t the vierbein e® is rion—degenera,te, the second equation is equivalent to
the torsion-free condition ‘

de® +wg A e’ =0. | (2.3)
The result of pluggmg its solution into I gp yields the Einstein-Hilbert action
Ien = /M d'z\/g(R — 2A), | (2.4)

where R denotes the scalar curvature. This implies that the two equations in (2.2) are
equivalent to the Einstein equation provided that the vierbein is non-degenerate.

The (3+41)- decomposmon of Igp yields the first-order ADM formalism which is essen-
tially equlvalent to the usual ADM formalism({3]. The resulting Wheeler-De Witt (WD)
~ equation is as complicated as that in the ADM formalism. This Einstein-Palatini action
is therefore not suitable for canonical quantization of general relativity.

In deriving Ashtekar’s formalism from the outset, we need another action which is
classically equivalent to the Einstein-Hilbert action. This is the complex chiral action (or
the Plebanski action [73]): |

Ioc = /P( )5 ea/\eg/\(R"‘s—-%—e“’/\e‘s)'
= —IEP_“_/ ea/\eﬂ/\R"‘ﬂ | (2-5)

We can easily see that this action is equivalent to 1I gr under the torsion-free condition
de® +w® g A ef = 0, which is the equation of motlon derived from the real part of I¢c.
As long as we. regard (e“ w?7) to be real-valued, we can deal with the real and imaginary
parts of I separately in deriving equations of motion. The complex chiral action Ig¢ -
is therefore classically equlvalent to the Einstein-Hilbert action.’

4The definitions and properties of P{” ) @F and P( ¥ are listed in Appendix A.
. 5The difference of the overall factor by 2 is not 1mportant because we can always change the overall
factql by taking different unit of length.



Using eq.(A.4) this complex chiral action can be cast into the BF action:
. i i, A i ‘
Toc = z/M(E AF 4+ STIAT), (2.6)

where F' = dA* + 16k AT A AF is the curvature of the SL(2, C) connection Af and B is
an SL(2, C) Lie algebra-valued two-form. The new variables (A’, ‘) are related with the
old ones (e*,w*?) by:

1

A = PG = st — i | @7)
T o= PG nef = %eijkej AeF +ied AeF. (2.8)

Namely, A’ is the anti-self-dual part of the spin-connection and ¥ is the anti-self-dual
two-form constructed from the vierbein.

In order to rewrite the action in the canonical form, we have to perform a (3+1)-
decomposition. We consider the spacetime M to be homeomorphic to R x M ) and use ¢
and (z%) as coordinates for R and the spatial hypersurface M @) respectively. The result

Ioc =i / dt /Mm (79 AL + AIGE + 55 @%), (2.9)
where 7% = %?‘“’CE{M plays the role of the momentum conjugate to A%, and G* and ®%
are the first class constraints in BF theory:

G = D = 0,7 + Pk Al | (2.10)
ai 1 ~abc i A ~at
CD, = -2'6 b Fbc + -3—71' . ‘ (211)

In ordér to obtain the action for Ashtekar’s formalism we further have to express i
in terms of 7% by solving X* = z'Po(‘;)’eo‘ A €P. Let us first fix the Lorentz boost part of
SL(2,C) gauge transformation by choosing the spatial gauge:

' = —Ndt, &' = el (dz®+ N°dt), (2.12)

where N and N° are the lapse function and the shift vector, and el dz® yields the induced

dreibein on M®). Plugging this expression into eq.(2.8) and performing a straightforward
calculation, we find :

79 = det(e])ed = & : (2.13)

E:a = NbfbacﬁCi_+ ';'],yfijkfpbcfrbj’ﬁm, (2.14)

where e¢ denotes the co-dreibein efe) = 6f and N = N{det(7*)}~% is an SO(3,C)
invariant scalar density of weight —1 which plays the role of a new Lagrange multiplier.

10



Here we should note that eq.(2.14) is covariant under SO(3, C) gauge transformations.
- Eq.(2.14) therefore holds under arbitrary gauge, as long as the vierbein e* can be written
in the form of eq.(2.12) in a particular gauge. This is always possible if the dreibein (e)
* is non-degenerate. A more detailed investigation[67] shows that this is possible if there is
a spacelike hypersurface at each point in the spacetime.

Now the desired action is obtained by substituting eq.(2.14) into the BF action (2.9):

loc=i [dt [  da(i® A+ 4G+ NVo+ ZNS). @15)

From this action we see that there are three kinds of first class constraints in Ashtekar’s
formalism, namely, Gauss’ law constraint (2.10), the vector constraint V,, and the scalar
-constraint S.® The latter two constraints are of the'following form:

Vo = eucft®® = —7"F} o (2.16)

. A
S = z]k’&bcﬂ.az,’rb]@ck _ 61]k~az b](F geabcﬁ'c’c) (217)

Next we look into the constraint algebra For thls aim it 1s convenient to use smeared
constralnts

GO) = i[ PG =i / PrD, 07
M3)

. M®)
D) = —i /M(s) BTNV, + ALGH) = i /M(s) PorL g4
1 | o
sW) = 1 [ dans, | (2.18)

where §° is an SO(3, C) Lie algebra-valued scalar, N = (N%) is a vector on M® and N is
a scalar den31ty of weight —1. We will refer to D(N ) as the ‘dlffeomorphlsm constraint’.
Under the Poisson bracket

{Ai(2), 7 (y)} pp = —i6966%(, ), N (2.19)

these smeared . constraints generate gauge transformations in a broad sense. Gauss’ law
constraint and the diffeomorphism constraint respectively generate small SL(2, C) gauge
transformations and small spatial diffeomorphisms:

{(Aiﬁ“"),G(f)}Ps = (=D.f", (0 x 7))
{(4,,7%),D(N)}pp = (Lydi, L), | (2.20)

8We should note that G*, V, and S are respectively of density weight +1 +1 a.nd +2, while they are
not exphcﬂ;ly shown by the tilde.

11



where we have used the notation (8 x #°)' = ¢*677% . The scalar constraint generates
(infinitesimal) many-fingered time evolutions

; . ) A
{ALS(N)}ps = —iNeTFeu T @* + g(p;
{ﬁai’ ( )}PB = —~abcD (pi, (2‘21)

where % is the constraint (2.11) in BF theory and cpa =—iN e”"e €bc TP 7* is an SO(3, C)
Lie algebra—valued one-form. ' S

Using these results we can now easily compute the Poisson brackets between smeared
constraints. We find

{G(0'),G)}pr = —G(Ox¥)
{G(),D(N)}ps = —G(Lzh)
(D), D(N)}ps = ~D(N,M]s)
{SW),GO)}rs = 0 |
{S(M),D(N)}ps = —S(LgM)
(SN, S(M)}ps = —i /M(a) PrKY, = D(R) + G(K°Ad), (2.22)

where [N M] 18 = (N*3,M® — M*3,N°) stands for the Lie bracket and K* = (NGM —
M, N)7ti74 is a vector on M®. The first three equations are the manifestation of
the fact that SL(2,C) gauge transformations and spatial diffeomorphisms form a semi-
direct product group The fourth and the fifth equations mean that the scalar constraint
S transforms trivially under SL(2,C) gauge transformations and as a scalar density of
We1ght +2 under spatial dlffeomorphlsms It is only the last equation which is somewhat
difficult to derive. It involves non-trivial structure functionals and is expected to cause
one of the most formidable obstacles to quantum Ashtekar’s formalism. ‘

Next we will explain the reality conditions[4][5]. In demonstrating the classical equiv-
alence of the complex chiral action with the Einstein-Hilbert action, it has been indis-
pensable that the vierbein e* and the spin-connection w® are real-valued. This tells us
that, in order to extract full information on general relativity from Ashtekar’s formalism,
we have to impose some particular conditions called “reality conditions” on the canonical
variables (AL, ®%). According to the treatment of the SL(2, C) gauge degrees of freedom,
there are two alternative ways of imposing reality conditions:

1. Fix the Lorentz boost degrees of freedom by choosing the spatial gauge (2.12). As
~a consequence the gauge group reduces to SU(2). The classical reality conditions
in this case take the following form (the bar denotes the complex conjugation)

T =%, AL+ AL =~k (e), (2.23)

12



where ®w¥ = w¥ (e)dz® is the spin-connection on M® which satisfies the torsion-
free condition w.r.t. the dreibein ¥’ = eldz®

B g®ei 1O i A® o = 0.

2. Do not fix the gauge and keep the full SL(2,C) gauge degreee of freedom. The
reality conditions in this case are merely pullbacks of eqs.(2.7)(2.8) to M®, namely

A, = -—-2—6” Rk — % ‘
o = —;-gabc(eijke{;ef+2iegei) (2.24)

~ must hold for real e and real wg®.

We cannot say which is absolutely better than the other. It is clever to make a relevant
choice according to each problem to work with. |

Before concluding this subsection we will comment on the Euclidean case. The
- Buclidean counterpart of the Lorentz group SO(3,1)T = SL(2,C)/{#1} is the four-
dimensional rotation group SO(4) = (SU(2)x.SU(2))/{£1}. As aresult the anti-self-dual
part of a rank two tensor takes a real value, for example,

A’é = —%eijkwjk + W%,
T = —%eijkej Nkt ONE. | (2.25)
Usiﬁ‘g‘ this the Euclidean counterpart of the complex chiral action are given by
Uco)® = [ (SpAFs—GTEAT))

1
(I E—/ “pef AR, 2.26
5Tep)” — [ €T NETA. | (2.26)

where (Igp)® is the Euclidean version of the Einstein-Palatini action.

If we deal with this action in the first order formalism, namely if we regard A% and e®
as independent variables, (Icc)? does not coincide with the Euclidean Einstein-Hilbert
action (/ EH)E even on-shell. This is because information on the self-dual part of the
torsion-free condition is lost. However, if we impose in advance the torsion-free condition
de® +w*® A ef =0, (Igo)F coincides with (Izy)F owing to the first Bianchi identity. In
other words, in order to reproduce the result of Euclidean general relativity from that of
Euclidean Ashtekar’s formalism, we have to impose the torsion-free condition by hand.
In the canonical treatment, this amounts to the real canonical transformation from w? to
(A which is generated by § [y €9Fwi ok
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2.2 Quantization

Next we consider the quantization of Ashtekar’s formalism. There are two well-known
quantization methods for systems involving first order constraints such as Ashtekar’s
formalism, namely the reduced phase space quantization and the Dirac quantization.

In the reduced phase space quantization’, we first construct the reduced phase space
which consists only of the physical degrees of freedom and then perform the canonical
quantlzatlon on this reduced phase space. The reduced phase space is constructed by
first solving the first class constraints completely and then removing all the gauge degrees
of freedom which are generated by the first class constraints. In general relativity this
amounts to finding all the diffeomorphism equivalence classes of the solutions to the
" Einstein equatiori. It is in practice impossible to carry out this. So we usually adopt
Dirac’s quantization pfocedure[33] when we canonically quantize gravity.

In Dirac’s quantization, we first promote canonical variables in the unconstrained
phase space to quantum operators by replacing ¢ times the Poisson brackets with the
cotresponding quantum commutation relations.  The first class constraints become the
operator equations imposed on physical wave functions. When the first class constraints
are at most linear in momenta, this prescription is known to yield the same result as
that in the reduced phase space method, up to a minor subtlety (see Appendix D of [5]).
Because the scalar constraint is at least quadratic in momenta, we expect that these two
methods lea.d“to’different results for quantum Ashtekar’s formalism.

Let us now perform Dirac’s quantization. The canonical variables (A:,#%) are pro-
moted to the fundamental quantum operators (AL, 7 i ) subject to the commutation rela-
tions

i (2), 7 ()] = 69856%(z,1). | - (27)

In this- paper we will take the connection representatlon (or holomorphlc representafmon)
in which the SL(2,C) connection A’ is diagonalized. Wave functions are thus given by
holomorphlc functionals W[A] =< A|¥ > of the SL(2,C) connection. The action of A},
and 7 on these wavefunctions are respectlvely represented by mu1t1phca,t10n by A! and
by functlonal derlvatlve w.r.t. Al

Ai(@)9[4] = A U[A]
]

T (2)0[4] = ~5 (x)\If[A]. (2.28)
 Next we impose the constraint equations:
Gol4] = 0. | - (2.29)

7For more detailed explanations of the reduced phase space quantization, we refer the reader to [88]
or to Append1x D of [5].
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D,Y[A4] = 0 (2.30)
SU[A] = 0. (2.31)

Gauss’ law constraint (2.29) and the diffeomorphism constraint (2.30) respectively require
the physical wavefunctions to be invariant under small SL(2,C) gauge transformatlons
and small spatial diffeomorphisms®

\If{A?J = ¥4 | (2.32)
U[g*A] = D[4 e (2.33)

The 'scalar constraint (2.31) yields Ashtekar’s version of the Wheeler-De Witt equation.
Because this equation involves at least second order functional derivative, its rigorous
treatment requires some regularization. In association with this there is an issue on the -
operator ordermg in the constraints. At the formal level there are two plausible candidates:

1. Putting 7 to the right [52][19]. A virtue of this ordering is that & and D, cor-
rectly generate SL(2, C) gauge transformations and spatial diffeomorphisms. In this
ordering, however, commutator [S,S] fails to vanish weakly because the structure
functionals appear to the right of the constraints.

2. Putting # to the left [4][55]. This ordering has a merit that the commutator algebra
" of the constraints G, V, (not D,) and S formally closes. A demerit of this ordering
' is that D, (or V,) does not generate diffeomorphisms correctly.’

We should note that the above discussion is formal in the sense that we deal with
non-regularized constraints.

In order to extract physical information from the physical wave functions, we also
" need to construct physical observables and to specify a physical inner product. Physi-
cal observables are self-adgomt operators which commutes with the constraints at least
weakly. 'Finding the physical inner product has been a longstanding problem in quan-
tum Aslltekarfs formalism because it is intimately related with the reality conditions. As
we have seen before, Ashtekar’s canonical variables have to satisfy the nontrivial reality
conditions (2.23) or (2.24), which have to be implemented in the quantum theory as non-
trivial adjointness conditions. Because the adjointness conditions can be attributed to the
problem of inner product, the issue of reality conditions has not been taken so seriously
as yet. Quite recently, however, a promising candidate for the physical inner product has -
been proposed[84]. If it turns out that this inner product is genuinely physical and useful,
we can say that the program of quantizing Ashtekar’s formalism has made great progress

8AY = (A9)iJ: = gAiJig™! + gB.g™! and ¢*Ai(z) = Bagp®(x)Ai(4(x)) respectively denote the i image
of the connection A% (z) under the small SL(2,C) gauge transformation g(z) and the pullback of A}(z)
by the spatial diffeomorphism ¢ : M®) — M),

%In the loop representation, however, Va generates diffeomorphism correctly by virtue of the relatlon
" (7.3). For a detailed analysis, see e. g ref.[21].
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3 Spin network states

Recently there have been a large number of remarkable developments in the program of
applying spin network states [71] to quantum gravity in terms of Ashtekar’s new variables
[14] [8] [9] [10] [78] [79]. As one of the promising approaches to canonical quantum grav-
ity, this program is expected to make further progress in the near future. Unfortunately,
however, most of the results are given in the form of mathematical theorems and propo-
sitions which are unfamiliar to most of the physicists. This makes it obscure that these
notions have originary been brought into quantum general relativity in order to concretize
the simple physical ideas. In this section we make a maximal attempt to explain some
of these results on the spin network states in the language of physics and to clarify the
underlying ideas. In particular, we provide explicit formulae for two types of measures
defined on spin network states[8][9]. Because we are only interested in its application to
qua‘n"cum gravity, we will restrict our attention to the case where the gauge group is SU(2)
or SL(2,C). Our discussion is, however, applicable to any compact gauge group G and
its complexification G€ if some necessary modifications are made. For simplicity we will
only deal with the unitary representations of SU(2). '

3.1 Backgrounds and the definition

As is seen in §2, we can regard Ashtekar’s formalism as a kind of SL(2,C) gauge theory.
A common feature of gauge theories is that, by virtue of Gauss’ law constraint (2.29), the
wavefunction in the connection representation is given by a functional of the connection
which is invariant under small gauge transformations. We will henceforth restrict our
attention to the wavefunctions which are invariant under all the gauge transformatlons
'mcludmg large gauge transformations.

In order to construct gauge invariant functionals of the connection Al it is convenient
to use the parallel propagator h,[0,1] of A’ evaluated along the curve a : [0,1] = M®

bol0,1) = Pop [ dsa()4ifa(DA),  B1)

where P stands for the path ordering with smaller s to the left. In 4spi.te of the fact
that the gauge transformation of the connection is inhomogenous, the parallel propagator
transforms homogeneously under the gauge transformation g(z):

A4(e) = 9(0)Aug™ (@) - Bu(@)g™ (0
Rl 1] = g(a(O)hal0, g L), 52)

where we have set A, = ALJ;.
Thus it is considerably straightforward to constiuct gauge invariant functionals from
these parallel propagators ha[0,1]. The simplest example is the Wilson loop along a loop
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7:10,1] » MO (3(0) = (1)

W (v, ) = Trm(h,[0,1]). (3:3)

Its gauge invariance follows immediately from eq.(3.2). Considerably many early works
on Ashtekar’s formalism were based on the use of these Wilson loops. In fact the “recon-
struction theorem” proposed by Giles[43] guarantees that, in the case where the gauge
group is compact, Wilson loops suffice to extract all the gauge invariant information on
the connection.!©

However, the framework based on the Wilson loop has several drawbacks in order to
provide efficient tools. Among them, particularly serious ones are the following:

i) (Overcompleteness) it is known that the set of Wilson loops form an overcomplete
basis in \A/G. In order to extract necessary information on the connection, we have to
impose algebfaic constraints such as Mandelstam identities[64] on Wilson loops.

ii) (Non-locality) The action of local operators on Wilson loops frequently induces
the change of global properties of the loops on which the Wilson loops are defined. For
example, it often happens_ that orientation of some loops has to be inverted in order to
make the resulting composite loop to be consistent.

These drawbacks become the sources of extra intricacy when we carry out calculations
by means of Wilson loops. In this sense the Wilson loops are not so suitable for practical
- calculations. Naturally a question arises as to whether or not there exist more convenient
tools composed of parallel propagators which give rise to complete (but not overcomplete)
~ basis in .4/G and on which the action of local operators is described by purely local
- manipulation. The answer is yes. Spin network states satisfy these requirements. '

A spin network state is defined on a ‘graph’. A graph I' = ({e}, {v}) consists of a set
{v} of ‘vertices’ and a set {e} of ‘edges’. Each vertex v € M® is a point on M® and
each edge e : [0,1] = M® is a curve on M® which connects two vertices (or a loop on

M®) which i is based at a vertex). An example of a graph is shown in figurel.
~ In order to construct a unique spin network state, we have only to determine a ‘colored
graph’ (T, {7.}, {i»}) as follows: i) evaluate along each edge e a parallel propagator of the
connection A,dz® in a representation 7, of SL(2,C); and ii) equip each vertex v with an
intertwining operator!

iy : ( X WZ) ® ( (0] 7re> —1 (trivial),- (3.4)

e(l)=v e(0)=v

1Tn the SL(2, C) case it was shown that the Wilson loop is sufficient to separate all the separable points
of the space A/G of gauge equivalence classes of connections [7].In other words the Wilson loop misses
some information on the null rotation part of the holonomies (parallel propagators along the loops).

11'We can regard each intertwining operator as an invariant tensor in the corresponding tensor product
representation.
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Figure 1: An example of a graph.

“where * denotes the conjugate representation of 7 defined by 7*(g) =Tn(g~!) (T repre-

~ sents taking the transpose). The corresponding spin network state is defined as

<A e i} >= TT v (@{9} 7o (b0, 1])) . (3.5)

Gauge invariance of the spin network states thus defined is manifest from the transfor-
mation law(3.2) of the parallel propagators and from the defining property (3.4) of the

- intertwining operators.

» It is obvious that the spin network states form a complete basis because the Wilson
: . loops are regarded as particular spin network states. Moreover, it turns out that they are
not overcomplete, namely, we do not have to impose Mandelstam identities. We will see
-in the next subsections that they actually yield an orthonormal basis w.r.t. some inner
“products. " Another merit of spin network states is that the action of local operators is

% ‘described in terms of purely local operations on the graph. Thus we can concentrate only

on the local structures in the practical calculation. While we do not show this generically,
an example is demonstrated in the next section. '
A.' - Here we should explain the consistency of the spin network states. In practical calcu-
lation it is sometimes convenient to consider the graph I' as a subgraph I' < I" of a larger
. graph I, where I' < I means that all the edges and the vertices in I' is contained in TV,
. namely, {e}, {v} € I". The spin network state < A|T, {r.}, {i,} > is then regarded as the
spin network state < A|IY, {«..}, {#,} > which is determined as follows.

A graph I'" which is larger than T is obtained from I" by a sequence of the following
four moves[14]:
i) adding a vertex v/ & I';
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ii) adding an edge ¢’ ¢ T;
ii1) subdividing an edge ' € e = e; - e2 with €1(1) = e2(0) = v € T'; and
iv) reverting the orientation of an edge ' e = ¢ =e 1 €I

In order to obtain the spin network state < A|IY,{nl},{i,} > which is equal to
< A|T, {mc}, {iv} >, we have to associate with each move the following operation:
for 1) we equip the vertex v/ with the unity ¢, = 1;
for ii) we provide the edge ¢’ with the trivial representation 7., (he[0,1]) = 1
for iii) we fix the representation and the intertwining operator as 7, = 7, = 7. and as
Uy, = 67 respectively, where 67 denotes the Cronecker delta in the representation 7.; and
fcr):'g" iv) the corresponding representation for €' is given by the conjugate representation
Mo = ().

“ Action of local operators on spin network states is necessarily independent of the
“choice of the graph, because the operators do not perceive the difference of the graphs on

which the identical spin network state is defined. However this consistency gives rise to
a eriterion for defining well-defined measures on A/G 12 namely, a well-defined measure
should be invariant under the above four moves.
. Because we only deal with the case where the gauge group is SL(2,C) or SU(2),
* some simplifications are possible. In particular, because the conjugate representation 7*
in SL(2, C) is unitary equivalent to the original representation m,'* we do not have to
worry about the orientation of the edges. We can therefore neglect the consistency under
‘the fourth move. '

3.2 The induced Haar measure on SU(2) gauge theories

. As is seen in §2, Ashtekar’s formalism for Euclidean gravity is embedded in the SU(2)
gauge theory. Besides, an Ashtekar-like formulation exists also in Lorentzian gravity which
deals with the SU(2) connection [15]. For these formulations the induced Haar measure
is used for a natural measure of the theory. |

The induced Haar measure on A/G is defined as follows. First we define a generahzed
connection’ A[“ on the graph I' € M® as a map

Ar: {6} = (enr-..rem) > (SUQ))™.

The space Ap is the set of all the generalized connections on I'. Of course the usual
connection A, gives rise to a generalized connection by the relation Ar(e) = h.[0,1]. The

~ 12The space m of equivalence classes of generalized connections modulo generalized gauge trans-
formations is a completion of the space A/G. Roughly speaking it is obtained by allowing the parallel
propagators h.[0,1] which cannot be obtained by integrating the well-defined connection A; on M @),
The cylindrical functions on A/ G are obtained from the superposition of spin network states on a graph
I in the limit of making I" larger and larger(8].
13Tn fact if we use the convention in which J; in each representation is a real skew-symmetric matrix,
then the representation 7 and its conjugate 7* are related by the unitary matrix w(exp(mJz)).
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space (A/G)y is the quotient space of Ar modulo generalized gauge transformations:

g:{v}={(uv,...,on.) > (SU(2))NP
Ar(e) = g(e(0))Ar(e)g™ (e(1))-

Next we consider a function fr(Ar) on (A/G)r. We will assume that the pull-back
(pr)*fr of fr becomes a cylindrical function on .A/G, where pr denotes the projection
: ‘map ’ v , o
‘ Pr: A ZI" 4 ‘
itis obv1ous that (pr)* fr can be expressed by a linear combmatlon of spin network states
defined on I'. For (pr)*fr the induced Haar measure duy on A/ G is defined as

/dHH(A)(PP)*fr(A) = /‘dMF(Ar)fr(Ar) = Ar ( E[}du(Ar(ej)) fr(Ar), (3.6)

where du denotes the Haar measure on SU(2). The consistency condition of this measure
- is provided by the following equation '

[ dur(an)fe(An) = [ due (Ao ore) ). (37)
| where I > T, and
prrv ¢ Ap = Ap

~ is the projéctibn from Ap onto Ap. It was shown that this consistency condition indeed
holds [8]. We will presently see this by a concrete calculation. Before doing so we provide
the explicit formula for the induced Haar measure on the spin network states.

Let us first calculate the inner product between two spin network states
< AT, {m,.}, {in} > and < A|T',{m,.}, {7} > which are defined on the same graph I':**

<D G I () S
= [ dun (A< AT {m,), 0] > < AIL, {m ), {0} >

= [Ta) - (@) - I (f dur@)m Br@)r " mo (AreD*) - @9)

In obtalnlng the last expressmn we have used eq.(3.5). By plugging eq.(B.3) into this
. equation we find

] y 5 ede
< F7{7rpe}?{1'”}lr’ {qu},{Z;} >|d;.tH = ) HZ'IU (pr_:l(sle(s )
1 .
= H p + 161’\'.1‘]: H < Z'vl'l’ > (3'9)

14As in Appendix B m, denotes the spin-£ representation of SL(2, C).
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where we have used the symbol < i,|i¢, > to mean the complete contraction of two
intertwining operators

< il >=17, -1, ( IT ¢ II 55’) : (3.10)
ee(0)=v - ee(l)=v

We are now in a position to prove the consistency (3.7). Consistency under the moves

‘1) and ii) are trivial and thus we have only to show consistency under the move iii). This

immediately follows from the first equality in eq.(3.9) if we substitute expressions like

Tp. (Ar(€)); 7 = 7p, (Ar(e1)) Xmp. (Ar(e2)) x” into the induced Haar measure defined on

I'. An only possibility of the change stems from the subdivided edge e = e; - ez which
“yields the following contribution to the measure

) ) :
PeyGe {'5}’{ Pese 5}%5; .

Pe+1 pe+1
By taking care not to contract two (Jp,4.)’s, We get the same result as that from the
measure defined on I': '

Ope.q
—Pede_sl 57
Dot 100

Thus we have demonstrated concretely that the consistency holds for the induced Haar
measure on SU(2) gauge theories. :
Eq.(3.9) also tells us that two spin network states are orthogonal with each other if the

representations m,, and 7, do not coincide on one or more edges e € I'. As a corollary of

this result and the consistency it follows that the inner product of two spin network states

< A[D, {7}, {6} > and < A|[",{n},{i’,} > vanishes if the former is not equivalent to

a spin network state on IV and also if the latter is not equivalent to that on I'.

- In order to show completely that the spin network states form an orthonormal basis,
the contraction < 1,]t;, > of intertwining operators remains to be calculated. For this goal

we first have to provide a complete set of intertwining operators. A convement choice is
: ngen as follows. '

; " We know that the intertwining operator for a trivalent vertex is, up to an overall
constant, unlquely fixed by the Clebsch-Gordan coefficient

<pJ;q,Kl|r,L > 7, ® 7, ® 7 = 1 (trivial).

Thus a complete set of intertwining operators for an n-valent vertex v is given by decom-
posing the vertex into n — 2 trivalent vertices (vy,vs,...,v,—2) and by assigning to the
resulting n—3 virtual edges (e}, ..., e} %) n—3 irreducible representations (my, , ..., T, _,)
which satisfy triangular inequations [56][79]. In this way each basic intertwining operator
for an n-valent vertex is specified by an non-negative integer-valued n — 3 dimensional
vector (r1,...,7n—3). The way of decomposing an n-valent vertex into n — 2 trivalent
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(@) (b)

Figure 2: An example of decomposing a six-valent vertex (a) into four trivalent vertices
(b). Dashed lines denote the virtual edges.

vertices is not unique and thus we have to choose one. We can obtain the complete set
starting from an arbitrary choice. An example for the n = 6 case is shown in figure2.-

‘Let us now show that any such choice of the basis for intertwining operators yields
an orthonormal basis for < 4,|¢, > (eq.(3.10)). Because there exist at least one trivalent
vertex connecting two true edges, like the one which is enclosed by the circle in figure2, we
will start from one such edge, say v;. We assume that the two true edges e and €’ emanat-
ing from v; are respectively equipped with the spin-£ and the spin-£ representations. The
two non-negative integer-valued vectors which specify i, and 7, are respectively supposed
to have components r1 and r{ which correspond to the virtual edge eV with an end point
Ty, By paymg attention only to the vertex v;, we find

p+l g+l :
<hliy,> o« Y Y <pJig Klrl,M > <p,Jq, K'\r), M > 67 6%
: JJ'=1 K,K'=1 -

= S it S (3.11)

In derwmg the last equation we have used the fact that the Clebsch-Gordan Coefﬁments
- <pJ;q, K lr M> yield the unitary transformation:

Tp & Mg = Mjp—q| D Tp— q|+2€9"‘@7rp+q

Eq.(3. 11) shows that the trivalent vertex v; turns the Cronecker delta in the tensor product
representation 7, ® 7, into that in the irreducible representation =,, (= 7rr +). This holds

~_ also at the other trivalent vertices. Thus we can successively perform the calculatlon like

eq.(3.11). The final result is

- n—-3 .
<idy=(r1,. ., oa)|iy = (1], ...y o) >=C(v) [ 6r e, (3.12)
k=1
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where C'(v) is an overall constant factor which depends on the way of decomposing the
n-valent vertex v. .

Eq.(3.9) together with eq.(3.12) shows that the spin network states form an orthonor-
mal basis w.r.t. the induced Haar measure (3.6) if they are multiplied by appropriate
overall constant factors. :

A remarkable fact is that this measure is invariant under spatial diffeomorphisms.
This is obvious because it does not depend on any background structure. The induced
Haar measure is therefore expected to be a ‘prototype’ whose apprvopriate' modification
yields the physical measure in canonical quantum gravity.

3.3 The coherent state transform and the induced heat-kernel
measure

* In the last subsection we have derived the explicit formula for the inner product of the
spin network states w.r.t. the induced Haar measure on SU (2) gauge theories. However,
because the gauge group of Ashtekar’s formulation for Lorentzian gravity is SL(2,C)
which is noncompact, we cannot use the induced Haar measure as it is. Nevertheless
~we can define some types of measures on SL(2,C) gauge theories, one of which is the
- induced heat-kernel measure[9]. This measure is closely related to the ‘coherent state
transform’ which maps a functional of the SU (2) connection to a holomorphic functional
of the S’L(?; C) connection. We expect that, using this kind of transform, many of the
machineries obtained in the framework of SU(2) spin network states can be brought into
that of SL(2,C) ones. In this subsection we distinguish the objects in SL(2, C) gauge
theories from those in SU(2) by attaching the superscript € to the former.
In order to define the coherent state transform and the induced ‘heat-kernel measure
we first furnish each edge e € I' with a length function I(e) > 0. The coherent state
tr ansform

C!: L?(A/G, duH) — L?(A-/GF, du)nH(AC/QC)

, from the spacé of square integrable functionals w.r.t. dug on A/ g to the space of holo-
morphic functionals Whlch are square integrable w.r.t. the induced heat- kernel measure
dvt on AC]GC is given by a consistent family {C! F}I[‘ of transforms

Cir : L*((A/G)r, dur) = L*((A°/GC)y, dvir) N H((AC/GE)y).

For a function fr(Ar) on (A/G); the transform C! is defined as

Clelila) = [ (Tl autae@pon(as() 42D ) felar(e),  (619)
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where, as in Appendix B, p:(g) is the heat-kernel for the Casimir operator A = J;J; of
SU(2). For (pr)*fr(A) € L2(A/G,duy) the coherent state transform is given by

Cil(pr)* fr](A°) = Ciplfrl(pr(A°)). (3.14)
In particular, by using eq.(B.9), we find

CH< AT, (o) i) >1A) = expl—5 S 10PLEE ) < a0in, g, ), (i} >

(3.15)
From this equation we immediately see that C’ satisfies the consistency cond1t1on iff
lle-€) =1(e) +1(¢) and I(e™!) = I(e) hold. |

The induced heat-kernel measure dy} for the functional (pr)* fr on (A€/GC) is defined
as:

LAy (4% = [ k(AR fe(aS)
L, (naea8@)) 54, (310

where di;(g€) is Hall’s averaged heat-kernel measure [46].

Now, from Hall’s theorem which is explained in Appendix B, it follows that the coher-
ent state transform C? is an isometric isomorphism of L?(A/G, dux) onto L?(AS/GC, dv))n
H(AC/GE) [9]. Thus we see that the spin network states form an orthonormal basis w.r.t.
~ the induced heat-kernel measure:

<D {m ) T {7 1} >
= [ a4 < AT {m, ], G} > < AL e}, {6, }>

= exp(t DO PLED) <,y i) (7 ) >t

€ € 2 .
= exp tZl(e)p (pe + ) pri{’f‘l I <ilé, >. (3.17)

Similarly to the coherent state transform, the consistency of this measure is satisfied iff
l(e-e') =1(e) +1(¢') and I(e7!) = I(e) hold.

Here we make a few remarks. The coherent state transform C! and the induced heat-
kernel measure dv} are not invariant under diffeomorphisms, because their definitions
require to introduce a length function I(e) which is not diffeomorphism invariant. Thus
we can use this measure only in the context which do not respect the diffeomorphism
invariance. In the lattice formulation explained in §5, however, we do not have to worry
so much about the diffeomorphism invariance because 1t is mamfestly violated by the
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introduction of a lattice. So it is possible that dv} play an important role in the lattice
formulation.

The invariance of the induced heat-kernel measure dv!(A®) under generalized SU(2)
* gauge transformations follows from the bi-SU(2) invariance of the averaged heat-kernel
measure dv;(g©). However, because dv;(¢g€) is not bi-SL(2,C) invariant, dv}(A€) is not
invariant under full SL(2,C) gauge transformations. This measure is therefore useful
when we fix the Lorentz boost gauge degrees of freedom.

*We should note that the induced heat-kernel measure does not y1eld a phys1cal measure
for quantum gravity because it does not implement the correct reality conditions. This
méasure, however, may be useful for examining some property of the wavefunctions.

3.4 | The Wick rotation transform

Finding the physical inner product for quantum Ashtekar’s formalism in the Lorentzian
signature is one of the most formidable problem because the physical inner product must
implement non-trivial reality conditions. To the author’s knowledge no works on the inner
product ‘Wh_-ich have been made so far have reached a decisive conclusion. Quite recently,
however, a promising candidate has appeared for the construction scheme of the physical
inner product. Leaving the detail to the original literature[84], here we will briefly explain
the underlying idea.

As is mentioned before, there is a formulation for Lorentzian g‘ravity[lS] whose con-
figuration variable is a real SU(2) connection

(AN: = ~%eijkwgk + w2, | (3.18)

While the Wheeler-De Witt equation in this formulation is as complicated as that in the
ADM formalism; this formulation has a merit that the reality conditions are given by
trivial self-adjointness conditions. A physical measure in this formalism is therefore given
by‘thve induced Haar measure explained in §§3.2. The main idea in ref.[84] is to obtain
Ashtekar’s SL(2, C) connection '

. 1o o
A, = —56'1%,1," — w2

from the real SU (2) connection (3.18), by way of the “Wick rotation transform”:
(A)e = AL = eC(A)ieC, (3.19)

where C is the opefator version of the “Wick rotator”

Ui

= _ d3 04 az
2 JuM®

TW, €
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We expect that the “Wick rotated measure”, the measure which is induced from the
induced Haar measure by this Wick rotation, implements the correct reality conditions.
However, to find a fully regularized operator version of this transform seems to be consid-
erably difficult, because C involves an expression which is non-polynomial in the canonical
variables (A%; &%) (or ((4')%,&%)). If we find a well-defined Wick rotation transform, we
can assert that we have made a large step forward toward completing the program of
canonical quantum gravity in terms of Ashtekar’s new variables. .

3.5 Diﬁ'éomorphism invariant states

As we have seen in the previous subsections spin network states provide us with a complete
basis in the space A/G of equivalence classes of (generalized) connections up to gauge
transformations. Thus, as long as we work with the spin network states, Gauss’ law
constraint (2.29) is automatically solved. As it is, however, spin network states are not
invariant under spatial diffeomorphisms. A further device is therefore required in order to
construct dlffeomorphlsm invariant states, namely to solve the integrated diffeomorphism
constraint (2.33). ,

We know that an integrated version U (¢) of the diffeomorphism constraint operator
ﬁ(ﬁ )= —1t fM(s) Bl AL6/6 AL generates a small spatial diffeomorphism ‘

U(g)AL@)U(¢7) = (671 45 (e) = 8a(¢7(2))" A} (67" ().

This affects the transformation of the parallel propagator ha[0,1] as a distortion of the
curve @ '

TOhal0, N0 = gl (3:20)

Thus we see that the integrated diffeomorphism operator U(¢) induces a diffeomorphism
of the graph I" on which the spin network states are defined:

U(¢) < AIF {'”e} {iu}> = < A|¢ Lo L, {7r¢‘loe = '”e}’{i;s-l(v) =y} >
= <ApoT{n){i} >, (3.21)

where goT = ({$o e} {4(0). |
N alvely considering, taking the following average ylelds the bams of diffeomorphism
invariant states:

{Vol(Diffo(M®))} DiHO(M(S))[ng] < AlpoT, {m}, {is} >, (3.22)

‘where [D¢] is an ‘invariant measure’ on the space Diffg(M®)) of small diffecomorphisms
on M ), This average is formal in the sense that it is indefinite because it involves the
ratio of two divergent expressions, namely, Vol(Diffo(M®)) and fyig, (a0 [D4)-
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A prescription to make this formal average be mathematically rigorous was given in
1ef.[10]. A rough outline of the strategy used there is the following. We first consider the
space & = Cyl® (m) of smooth cylindrical functions each of which is given by a linear
combination of the spin network states defined on a sufficiently large graph. We can thus
perform an orthogonal decomposition of ¢ € ® as:

ZZS@F{«}

I {mer}

where @r (x )} denotes the projection of ¢ onto the space of spin network states defined on
a graph I" with fixed representations {r.:} assigned to the edges {€}. Now we can define
the average of < A|I',{m.}, {i,} > over the group Diffo(M®) of small diffeomorphisms:

Vi tionl#] F;] <To, {m.}, fiu}lo >,  (323)
2 .

where [I'] stands for the orbit of the graph I' under Diffg(M®), and < | > represents
some inner product on .4/G which is invariant under diffeomorphisms. Eq.(3.23) is well-
‘defined as a distributional wavefunction which belongs to the topological dual & of &.
This is becaus_e; if we use for example the induced Haar measure as the inner product
< | >, nonvanishing contributions to eq.(3.23) are only from the inner products in which
“the spin network states appearing in the bra < | and in the ket | > correspond to the
identical graph I' with coincident colored edges {(e,m.)}. Hence, from the spin network
states < A|l', {7}, {tx} >, we can construct a basis {04 r, iwp} of diffeomorphism
(and gauge) invariant states.!®
Here a remark should be made. In the defining equation (3.23) we have assumed
the existence of a diffeomorphism invariant inner product < | >. Because the induced
Haar measure enjoys this property, the prescription sketched here applies to Ashtekar’s
formulation for Euclidean gravity. In the Lorentzian signature, however, we do not yet
know whether we can define diffeomorphism invariant states through eq.(3.23). This is
because the induced heat-kernel measure is not invariant under diffeomorphisms. While
we can construct a diffeomorphism invariant measure [9] by way of the Baez measure[12],
it does not seem to be suitable for the present purpose because it is not faithful. However,
it is noteworthy that, if appropriately regularized, the Wick rotated measure explained
in the last subsection may provide a desired inner product owing to the diffeomorphism
invariance of the Wick rotator C. A hard task remaining there is to find a convenient
orthonormal basis w.r.t. this Wick rotated measure such as the spin network state basis
w.r.t. the induced Haar measure.

®The notion of a discretized measure on loops which leads to diffeo invariant measures was first
introduced into quantum gravity by ref. [74] This kind of diffeo invariant measures were first constructd
by Gel’fa.nd and collaborators using various point sets.
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3.6 Area and volume operators

In order to extract physical information from the wavefunctions we need physical ob-
‘servables each of which is a self-adjoint operator which commutes with the constraint
operators at least weakly. Necessarily physical observables have to be invariant under
SL(2,C) gauge transformations and spatial diffeomorphisms.

While we do not know any physical observables in pure gravity, we can construct
a large set of gauge and diffeomorphism invariant operators, namely, area operators and
volume operators [78]. In matter-coupled theories these operators are expected to become
physical observables.

First we explain the area operators. Classmally the area A(D) of a two-dimensional
region D € M® is given by

/ d*s (n nb'/r‘“wb’) , (3.24)

where Na = hﬂbc('),,;m aazx is the “normal vector” to D. Because this expression contains
second order functional denvatlve some regularization is necessary in passing to the
quantum theory. A clever regularization was provided in [78]. We first divide the region
D into subregions D = ¥; Dy with the coordinate area of each subreglon Dy assumed to
be of order §2. Then the operator version of A(D) is defined as

CA(D) = m}f:A(D,)

{ADDY = [ donu(alo)) [ Pome(@)F" @0)F" (a(0).  (325)

Dy

We can easily compute the action of this area operator on the parallel propagator
7(ha[0,1]) in the representation 7 evaluated along a smooth curve o which does not
intersect with itself. Because the action of &~ = —~3/8AL on the parallel propagator is
given by

?rai(x)ha[O, 1] = - /01 ds6®(z, a(s)) &% (8)hal0, s]Jika[s, 1],

the action of {A(D;)}? on the parallel propagator is computed as

0y o= { OO onBZpeM®

where A = J;J; is the Casimir operator of SL(2, C). We assumed that Dy is so small and
a is so well-behaved that they intersect with each other at most once.

Here we should note that, if 7 is the spin-Z representation, the Casimir 7(A) = —ﬂ%ﬂl
is negative. Thus m(h,[0,1]) is an eigenfunction of the squared-area operator {A(D;)}?
with a negative eigenvalue. If we take the minus sign seriously, it seems to follow that the
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spin network state defined on a piecewise smooth graph with each edge colored by a finite
dimensional representation does not correspond to any classical spacetimes with correct
Lorentzian sighature.' This may suggest that we should work with the spin network states
i) which is defined on graphs which are not piecewise analytic and/or ii) each of whose
edges are colored by an infinite dimensional representation. At present we do not know
the correct solution to this “issue of negative squared-area”, or even do not know whether
or not we should confront this issue seriously. However, if we take an optimistic attitude
and avoid this issue by taking only the absolute value of the Casimir, we obtain the result ,
derived in [78]: ‘

[A(D)] - 7(ha[0, 1]) = n(D, &)/ [m(A)|7(ha[0, 1]), (3-27)

where n(D, @) is the number of intersections between the two-dimensional region D and
~ the curve a. The area operators therefore exhibit a discrete spectrum. It was shown that
the volume operators also have discrete eigenvalues{78]. This “discreteness of area and
volume” is considered to suggest that the spacetime reveals some microstructure in the
Planck regime. | .

Next we consider the volume operators. A naive expression of the operator V('R) _
which measures the volume of a three-dimensional region R is given by

7R = [ o (seme “kfr“’v‘r”’%“") o (3.28)

Because this operator involves the third order functional derivative, we need some regu-
Jarization in order to obtain a well-defined result. Regularized versions of this operator
are proposed both in the continuum case[78] and in the discretized case [62]. For detail
we refer the reader to the references and here we briefly explain the essence.

We see from eq.(3.28) that the nonvanishing contributions of its action on the spin-
‘network states arise only from vertices. Thus we can concentrate only on vertices. The
results in [78][62] tell us that the action of V vanishes on the bi- or trivalent vertex. In
order to have nonvanishing volume, we have to consider spin network states which are
. deﬁned on graphs with at least four-valent vertices.

3.7 ASp‘in network states in terms of spinor propagators

In the previous subsections we have developed the framework of spin network states by
using arbitrary finite-dimensional representations. Because the spin-£ representation is
expressed as a symmetrized tensor-product of p copies of spinor representations

mo(hal0,1]) 2 a0, 1, - hal0, 11
hal0, 145 = m(hal0,1])%5, | (3.20)
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we can in principle do our analysis in terms only of spinor propagators. While it is
desirable that the ultimate results should be described in terms of arbitrary irreducible
representations, it is sometimes more convenient to calculate purely by means of the
spinor representation. Actually the analysis in the next section is based only on the
spinor representation. Thus it would be proper to develop here the framework in terms
of spinor propagators.

As a result of the defining equation of SL(2,C), the spinor propagator is subject to
the following identity: '

AD e poha[0,1]6 b = (ha]0,1]7)% 5 = ham[0,1]4 5. | (3.30)

This identity is useful because it enables us to choose relevant orientations of the propa-
vgators according to a particular problem. '

There are three invariant tensors in the spinor representation, i.e. the invariant spinors
€t =64, 4B and €ap. Because all the intertwining operators are constructed from these '
invariant spinors, the total rank of an intertwining operator is even. Thus the sum of the
numbers of spinor propagators ending and starting at a vertex is necessarily even. Using
the identity (3.30) and the equation €4c€PC¢ = 65, we can equalize at each vertex the
number of in-coming propagators with that of out-going propagators. As a consequence
we can regard any intertwining operator to be a linear combination of the products of 65.

In addition to eq.(3.30), there are three useful identities in the spinor representation.
Two of them are the two-spinor identity

8568 — 6268 = cace®P  (or ¢*€PC + ¢PeCA + ¢%AP = ) (3.31)

and the Fiertz identity

1 1 o | 3
| (J)*5(J:)° p = —5 (6505 — 50803). (3.32)
The third identity |
ek (J5)* 5(JK)° p = -{( )" 0 — () 35} (3.33)
is obtamed by combmmg the Fiertz identity and the defining equation: |
1 .
(Ji)AC( J) B= 51,76A ez]k(Jk) . (334)

The identity (3.33) plays an important role when we calculate the action of the scalar
constraint.

The two-spinor identity tells us that the antisymmetrized tensor product of the two
identical spinor propagators gives the trivial representation:

: |
ha[0, 14 (5Ra[0,1]° p 2eAC BD (3.35)
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and that, at an intersection a(so) B(to) of two curves a and [, the following identity
holds:

hal0, 114 ghg[0, 1]€ b — (hal0, solhglto, 11)* p(he[0, tolhals0, 1) 5 ‘
= (ha[0, s0]hs-1{1 — to, 1])* 5€ZC (hp-1[0, 1 — to)hals0, 1])” merD. (3.36)

Owing to eq.(3.35) we do not have to take account of antisy’mmetrizing the identical
propagators. A

In practical calculation it is frequently convement to introduce the graphical repre-
sentation. We will denote a spinor propagator h,[0,1]4 5z by an arrow from «(0) to a(1)
with its tail (tip) being equipped with the spinor index A (B). Identities (3.30),(3.35)
and (3.36) are then expressed as follows: :

-,

ADep | = , (3.30)

.[ [

%B = e’Cepp (3.35)

l—vD = €EC€FD E_l RE (336)’

A A

4 Combinatorial solutions to the Wheeler—De Witt
equatlon

In the last section we have prepared mathematical tools to deal with spin network states.
A virtue of using spin network states is that the action of local operators can be described
purely in terms of local manipulations on the colored graphs under consideration, while
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we have to allow for changes of global properties when we deal with Wilson loops. In
this section we will explicitly see this in the context of extending the solution found
by Jacobson and Smolin[52], which is a linear combination of spinor Wilson loops, to
arbitrary finite dimensional representations[36].

For analytical simplicity we will restrict the typé of vertices {v} appearing in the graph
I' to those at which two smooth curves intersect. We further assume that the tangent
vectors of the two curves are linearly independent. We will henceforth call those vertices
“regular four-valent vertices”. In this and the next sections we consider the case where
the cosmologlcal constant vanishes, i.e. A =0.

4.1 Action of the scalar constraint on spin network states

In order to construct solutions to the Wheeler-De Witt equation (2.31) from spin network
states, we have to evaluate the action of the scalar constraint operator 6

3 N(z) ) 5
S(N) = Sp =’ :
W) MO ¢’z 2 5AJ( ) 6Af(x)
on thc spin network states. Because this operator contains second order functional deriva-

tive, some regularization have to be prescribed. Here we will use the pomt -splitting reg-
ularization [77][20][19][21]): '

z]sz ( )

. N(z) ~ N

€ o 3 3, : _ c . .

SN) = /M(a)d:c /M(s)dx o Fe(, V) ggae Tr(—4hya[0, 1]B%(2) Jihay [0, 11)

N, -
SAL(z) 6A)(y)’

(4.1)

where hg,[0,1] is the parallel propagator along a curve from « to y which shrinks to z in
the limit y — z, B° = B9J; = 1~“I’CF",,J is the magnetic field of the SL(2, C) connection
and Tr in this section stands for the trace in the spinor representation. The regulator _‘
je(m y) is subject to the condition

fe(z,y) =3 8%(z,y).

In order to define a particular regulator we must fix a local coordinate frame. Because
a usual choice of the coordinate frame breaks diffeomorphism covariance, the resulting
regularized scalar constraint are usually not covariant under diffeomorphisms. Here we
will use a somewhat tricky choice of the local coordinate frame which is similar to that
"used in the (2+1)-dimensional version of Ashtekar’s formalism[36].

16 As is explained in §§2.2, there is an issue on the choice of operator ordering which is intimately
related to the problem on the closure of the constraint algebra [55][19][21]. We will not discuss on these
issues and simply choose the ordering in which the momenta are placed to the right of the SL(2,C)
connections.
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Figure 3: Local curvilinear coordinate frames at an analytic part (a) and at a regular
four-valent vertex (b). The solid and the dashed lines respectively denote the true curves
and the virtual ones in the graph.

It is obvious that the action of $¢ (V) on the spin network states is nonvanishing only
on the curves belonging to the graph in question. Eq.(3.20) tells us that these curves
are subject to the action of the diffeomorphism constraint. We therefore expect that,
if we introduce a local curvilinear coordinate frame in which these curves play the role
of coordinate curves, we can define a regularization of the scalar constraint which pre-
serves diffeomorphism covariance. In this subsection we will execute such a regularization
procedure. ' ‘ .

In order to fix a curvilinear coordinate frame completely we need three linearly in-
dependent curves. In the case under our consideration, we have at most two curves
intersecting at a point. So we have to introduce one or two “virtual curves” as is shown
in figure 3. ‘

Because the scalar constraint involves two functional derivé,tives; it is convenient to
separate its action as follows: ‘ ‘

S =S +EHW) (o FW=SW)+SW). (@)

where SI(N ) and S(IV) stand for, respectively, the action of S(IN) on the single spinor
propagatbfs and that on the pairs of spinor propagators. This separation simplifies consid-
erably the evaluation of the action of the Hamiltonian constraint on spin-network states.

Now we demonstrate a few examples of the calculation.

First we consider the action of the regularized Hamiltonian (4.1) on a single spinor
propagator ha[0,1]4 5 along a smooth curve a. We can easily see that this vanishes. A
functional derivative on a propagator (in an arbitrary representation)

)

Sa e 1= / " 4563 (w, (5))a% (5)hal0, 5] ihals, 1] &
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necessarily picks a distributional factor fj dsé®(z, a(s))@®(s) which involves the tangent
vector. By carrying out the other functional derivative and the integrations in eq.(4.1),
we find that §¢ha[0, 1] = S7ha0, 1] involves the expression

[ s [ dtftals) i) (9840, g

In our coordinate choice this expression vanishes because &*(s) « &*(t) even for s # t.
By a similar reasoning we see that the action of the regularized scalar constraintS‘(N )
" on a pair of spinor propagators along a smooth curve o vanishes. Summarizing these two
results we find: '

Si(N)hal0,1]% 5 = S5(N)(ha[0, 114 g1a[0,1]C p) = 0. (4.5)

In consequence we have only to pay attention to points on the graph at which the ana-
lyticity of the curve breaks, namely to vertices and kinks.
Next we calculate the action on a single spinor propagator

hay 20,11 5 = (Ra[0, s0]slto, 1])* 5
along a curve o - B with a kink!”:
S’f (‘!\Y)hal B2 [O, 1]AB

=2 [P ds [ dtepest(5)8°0)F t
=5 | ds [ dtged®(s)8*(1) fula(s), BL1)
X {N(a(s))’I&'(—4htsBc(a(s))thsth)ha[O, s]J;hals, solhslto, 1) Tkhslt, 1]
- ' A
- N( ())Tr( —4hg B°(B(t))Jhes Jk) ha[0, s]Jkhals, so)hslto, t]J;hslt, 1]} 5 , (4.6)
where we have abbreviated Pa(s)s) [0, 1] as hse. In order to go further we have to determine

explicitly the regulator f.. By introducing the curvilinear coordinate and by exploiting
the fact that 5?’(:5, Y) transforms as a scalar density of weight +1, we define f, as

' 1
fel(a(s), B(2)) = leamed®(s0)B"(to)7"(uo) |~ lw(’(e — |s — s0[)0(e — [t — 0[)0(e — [u — o).
| (4.7)
By plugging this definition into eq.(4.6) and by using (k)45 = 64 + O(e) and similar
approximations, we find

Sf(N)hm 200,145
166{2n Bi(zo)€ijehal0, solJ;Jkhslto, 1] + O()} 5, (4.8)

7In this section we assume that the curves o and § intersect with each other at a(so) B(to) = zo.
@y C « is the curve from a(0) to a(so) and B2 C B is the curve from B(¢o) to B(1). We also assume that
the virtual curve 7y intersects with @ and 3 at 7(uo) = xo.
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where we have used the notations n - B*(zo) = 71.(z0) B (zo) and

1e(%0) = N(0) €ap® (50)B° (t0) lepse® (50) B (t0) ¥ (o) L.

One might claim that the O(¢) part between the braces in eq.(4.8) is in fact crucial
because this part yields the O(1) contribution if we naively take the limit of sending € to
zero. However, this part does not survive if we consider the “fux-tube regularization” [52]
in which each curve is replaced by some extended object such as a ribbon or a tube.
This is expected to hold also when we consider the “extended loop” regularization[16] in
which the distributional expression fdsé3(z,a(s))a®(s) is replaced by a smooth vector
field X%(x) subject to some defining equations. Taking these into account it seems to be
appropriate to consider the “renormalized” scalar constraint [77][20][19]:

§rn () = lim 166*() ( ST () =lim16eS7(N) (I =1, 2)) . (49)

Now by using the identity (3.33), we can further simplify eq.(4.6) and obtain the final
result ‘

SIen(N)hal-ﬂz [0’ 1]AB = {ha[O’ SO]Q : B(xo)hﬂ[to, 1]}AB
' 1~a c
= QC(xO)EG b Aab(al . ,82,~730)ha1-ﬂ2 [0, 1]AB. (410)

Agy here stands for the “area derivative” [64] acting on the functional of graphs which is
defined by?!®

oA (0, o) ¥le, -] = Yoy - vy, - 02, ] = T, - -] + O((0®0®)3). (4.11)

for arbitrary small loop 7,, based at the point z;.

Action on the other configurations can be calculated similarly. We list the action of
S7¢"(N) on all the basic configurations in Appendix C. There we make use of the graphical
representation. - .

- Since we have at hand the basic action of the scalar constraint, it is not difficult to
calculate its action on general spin network states. The idea is the following. Appendix C
tells us that the action of Gren ({¥) has nonvanishing contributions only at vertices. Because

the action of &™*(N) is local, we can separate its action on the individual vertices, i.e.

~s

SN)Tr(A) = Y (S@)Tr(4)) |, (4.12)

ve{v}cl

where Wp(A) is the wave function on A/G which can be expressed by a superposition of‘
spin network states defined on a graph I.

ab

18We regard a as a part of the graph under consideration. ¢% = % f'r z%dz® is the coordinate area
*0

element of the small loop vy,-
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If we use the separation (4.2), we can easily evaluate the action on each vertex v. First
we add up the contributions from all the kinks and thus obtain the action of S7**(N) on
the vertex v. We then compute the sum of the action of S"ge"(;y ) on all the pairs of
parallel propagators. The total sum of these contributions yields the action of S”"(N )
at the vertex v. Symbolically we can write:

Sren _ the action of S7**(IN)
(S (@ ee@) o = k§<,, ( on a kink k )

Y < the action of SJ°"(IV) ) . (4.13)

scP, \ on a pair p of propagators

where K7, (P,) is the set of all the kinks (all the pairs of parallel propagators) at the vertex
v. Using egs.(4.12), (4.13) and the equations in Appendix C, we can therefore reduce the
problem of evaluating the action of the Hamiltonian constraint on the spin network states
to that of combinatorics. This applies also to more general operators which involve the
product of a finite number of momenta 7.

We see that the action of 3””‘(;\\[ ) defined above is covariant under spatial diffeomor-
phisms assuming that the virtual curves are also subject to the distortion v — 7y o ¢!
under the action of the integrated diffeomorphism constraint (3.21). This regularization
is, however, explicitly depends on the artificial struéture, namely on the choice of the
virtual curve and on its parametrization, through n,. In this sense our analysis given
here is only heuristic. In order to obtain more physically solid results, a more justifiable
regularization method is longed for which does not depends on any artificial structure and
therefore which respects diffeomorphism covariance of the scalar constraint.

4.2 Topological solutions

Now that we have obtained the basic action of the renormalized scalar constraint ST (), -
let us construct solutions to the renormalized Wheeler-De Witt equation (WD equation)

S (N)T[A] = 0. | (4.14)

As we have seen in the last subsection and in Appendix C, the nonvanishing action of
S™*(N) on spin network states necessarily involves the area derivative Ay at the vertex

v. Hence the action of $™"(IN) vanishes if the result of the area derivative vanishes
everywhere, namely if the SL(2,C) connection is flat:

. 1 o _
B%(z) = 55““1?;,,(35) =0. : | (4.15)
We therefore find the following ‘distributional’ solution called “topological solution” [20]:

uopolA] = 9[A] [T T16(B%()), (4.16)

zeM®) ai
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where 9[A] is an arbitrary gauge-invariant functional of the SL(2,C) connection A:.
Because it has a support only on flat connections, the topological solution represented
m terms of spin network states depends only on homotopy classes of the colored graphs.
As a corollary, it follows that the topological solution is invariant under diffeomorphisms
and so it is a solution to all the constraint. A more detailed analysis on these topological
solutions will be made in §6.

4.3 Analytic loop solutions

One of the important results obtained in §§4.1 is that the nonvanishing contributions to
tiie action of Sren(ﬂ ) are only from vertices, i.e. the points where the analyticity of the
curves breaks down. From this result we realize that, if we consider the spin network
states consisting only of Wilson loops evaluated along smooth loops {a;} (i = 1,---,1)
without any intersection: |

U f(emy 4] = HWaz,m) (1)

then these states solve the renormalized WD equat10n[52]. These states are related
with the solutions to the Hamiltonian constraint which have been found in the loop
representation[77]. '

4.4 Combinatorial solutions

If we look at eqs.(C.2) (C.3) and (C.8) carefully, we find that the followmg linear combi-
nation of spinor propagators has a vanishing action of S"e"(N),

hal0, 114 5[0, 1 = 2he, [0, 11 p s a0, 11° 5 (4.18)

This is the solution found by Jacobson and Smolin[52]. We therefore expect that, even
If the graph has vertices, some appropriate linear combinations of spin network states
defined on a graph may solve the Hamiltonian constraint. Here we will find such “combi-
natorial solutions” which yield a set of extended versions of eq. (4.18) to arbiirary finite -
dimensional representations. We have seen in eq.(4.12) that $™*(IN) acts on each ver-
tices mdependently. In order to be a solution to the renormalized WD equation, the spin
network state must solve this equation at every vertezr. We can construct a solution by
looking for intertwining operators which give the vanishing action of $me» (N) at each ver-
tex, and by gluing these solutions at adjacent (but separate) vertices using an adequate
‘parallel propagator as a glue. Thus it is sufficient to concentrate only on one vertex, say, -
at 2. : ,
 Let us now demonstrate explicitly that there exists a set of solutions to the renormal-
ized WD equation which are extensions of Jacobson and Smolin’s solution to spin network
states defined on a regular four-valent graph[36]. '
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In order to do so we first define the following two sets of functionals:

m n
C7(m, m)5, - Emir-- = 1 (hal0s 5015, hals0, 1175,) [T (hal0, 8], holto, 117
: i=1 J=]_ R
' Ey, GI,, N Ey = G,,
X 2 DY JH,a 8p I & II o] (19
1<k << ke <m OEP i=1 K=1" =1
1<h< <I,-<n L ' oK FE ke ke ) V#Eh

BT( )"é: AmiGiCn (hal0, o], hals0, 1]%5,)

J

1
s

(hal0, t0] %5, halto, 117p,)
=1 .

ﬁ.
=

r ™

x X ‘ H 5% i, 9
ki < <kr <m O0EP. i=1 j=1
< o <lpLn FEEN

Gl

‘7:'

~ Ey.. ; By, - Gl
X(n- B I'{,,',‘S Fk,-—(s i, B Fk,-)
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P, in the above expression is the group of permutations of ¥ numbers (I, ---,1,). We
should notice that B®(m,n) = B™n(mm)+1(m n) = 0. Intuitively, the C"(n, m)-functional
is obtained as follows: Prepare m propagators h, along o and n propagators hg along S;
then choose r pairs of h, and hg; cut and reglue each pair in the orientation preserving
fashion; and finally sum up the results obtained from all the choices of r pairs. The
B"(m,n)-functional is the result of the action of Spe*(N) on the C"(m,n)-functional.
We will sometimes omit the ‘external’ spinor indices each of which the tip or the tail of
a parallel propagator ha[0,1] or hgl0, 1] is equipped with, because they only serve as the -
labels of the propagators and do not play any essential role in the followmg calculatlon
By usmg eqs (C.2-8) and the followmg useful 1dent1ty
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which is eaSily"prqved by means of the two-spinor identity (3.31), and by performing
somewhat lengthy calculations on permutations and combinations, we find

ST (N)C(m,n) = (m +n — 2r + 1)B"(m,n) + 2B (m, n). (4.20)
Now it is nn elementary exercise of the linear algebra to derive from eq.(4.20) the equation
. S (N) (mi%n) (H —2_ ) C'(vﬁ, n)) = 0. (4.21)

I = o \iwymtn—2t+1

Thus we have found a set of solutions to the renormalized WD equation at one vertex
wp = a(so) = (to):

H hal0, s0) Eh [50,1]%5 )H(hﬂ[o to] “ig, halto, 1]™,) X I°(m, n) B A e, (4 22)
i=1 v . j=1 .
where I ° (m, n) is the relevant intertwining operator:
to E' EmiG1G minlmn) =2 \Ei- “EmiG G,
I 10 m.; 1Gn == ’ IT 1 ""; 1mn
mmfEges = 2 (11 T )
By BpiGr1-Gn . . .
I (m n) 1--~Fm;H11---H,. = Z Z
1<k <+ <kp<m O€EP:
1fh< <l <n
G"’t - Ekl e G,l ‘ ’ v
X H H 5ka I om, | - (4.23)
i=1 k=1 <=1 '
k';ékl,"',k,- : | 117511’“_’1"

We should note that eq.(4.22) remains to be the solution even if we permutate the ex-
ternal indices. Moreover, from eq.(3.35), we see that the antisymmetrized tensor product
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of two spinor propagators yields the invariant spinor. As a result we have only to consider
symmetrized tensor products of the spinor propagators, say

he0, SO]AI(EI -+ ha[0, SO]A"E'J,,.)'

Taking these into account we can provide the procedure to construct a combinatorial
~solution defined on a regular four-valent graph I'"*9:

1) Extract from I'™¢ all the smooth loops o; : [0,1] - M® (i=1,2,.-,N; a;(O) =
a;(1)). ' ‘

2) Equip each loop «; with a Wilson loop in the spin-£f representation, which is glven by
the symmetnzed trace of p; spinor propagators: '

P[0, 114, -+ [0, 117

3) At each poinf where two loops, say, a; and «; intersect, cut the spinor Wilson loops and
rejoin them by using as a glue the intertwining operator I°(p;, p;) defined by eq.(4.23).

~We will denote the combinatorial solution constructed by this procedure as Wf,y[A]. If
we iix a regular four-valent graph I'"®? which consists of loops {&;} (1 = 1,---,N), we can

construct (Z4)" combinatorial solutions where Z,. is the set of non-negative in‘ce‘gers_T The
analytic '100p’ solutions described in the last subsection are contained in the combinatorial
solutions UF }[A] as particular cases in which all the loops o; in the graph I'™¢ do not
intersect. ‘ _

Extension of Jacobson and Smolin’s solutions to the case where three or more smooth .
curves intersect at a point was explored in ref.[49] and several extended solutions were
found in the spinor representation. While we will not explicitly examine here, it is in
principle possible to generalize these extended solutions to arbitrary finite dimensional
representations. In order to carry out this, we need the action of the renormalized scalar
constraint on vertices at which three or more smooth curves intersect.

4.5 Iss-ues 'on'}the combinatorial solutions

In this sectlon we have constructed the simplest type of solutions which are composed
of spin network states, namely the combinatorial solutions { @ [A]} each of which are
cornpletely determined by fixing a regular four-valent graph I'™? and a set of non-negative
integers {p;} vassigned to each smooth loops in I'™9. It turns out, however, that the
classical counterparts of these combinatorial solutions are spacetimes with degenerate
metric det(gq) = 0. We can easily see this by the following discussion.

First we ‘aré,aware that the scalar constraint can be expressed by the product of the

magnetic field B* and the ‘densitized co-dreibein’ & = %'e&b edkgbiz .

$ = e Fi i7" =21§aféi. o (4.24)

40



From the way of their construction, we see that the combinatorial solutions satisfy the
following equation _
: 2y re
E)emuhl4] = o, (4:25)

ot . . A s
where (€,)™" is the renormalized densitized co-dreibein

3. 7 l ijk 4 6

(€,)""(z) = £1_r+%2e/

M)

On the other hand, the volume operator (3.28) can be rewritten by using &

1 . .
V(R) = /R &P (%71’6) . (4.26)

By comparing egs.(4.25) and (4.26) we conclude that, if there exists a regularization
which can deal with S and V consistently, the combinatorial solutions correspond to
spatial geometries whose volume element vanishes everywhere in M(®), While at present
we do not know such a regularization in the continuum :iheory, this situation actually
happens for some lattice version of these operators.

Besides this undesirable feature, there is an argument[65] that the combinatorial so-

~Intions are ‘spurious solutions’ which are not genuine solutions to the Wheeler-De Witt

equation H¥ = 0 in quantum general relativity. The reasoning is the following. Clas-
sically the scalar constraint S in Ashtekar’s formalism is essentially the volume element
(det(&%))% times the Hamiltonian constraint # in the ADM formalism. In the present op-

1
erator ordering, Wi, [A] is eliminated by (det/(\é‘“'))5 and not by H. Thus we can consider
that the combinatorial solutions are ‘spurious solutions’ which do not realize correctly the
quantum vers1on of spacetime diffeomorphism invariance.
The above arguments indicate that a correct solution ¥*[A] to the WD equation

‘must satisfy the conditions

$Ur[A]=0 and ET[A]£0.  (427)

In search for these correct solutions in the framework of spin network states, contributions

from the magnetic field B9 or equivalently the area derivative A, will play an essential
role. Unfortunately, we do not yet know how to define the area derivative unambiguously
in the continuum theory. Under this situation, it seems to be useful to investigate as a
heuristic model the lattice discretized formulation, because it allows us to fix a definition
of the area derivative. So let us explore in the next section a lattice version of Ashtekar’s
fo u*mhsm ‘ '
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5 Discretized Ashtekar’s formalism

A lattice discretized version of Ashtekar’s formalism was first proposed by Renteln and
Smolin[76] and later developed by Loll[61][62]. This formulation is based on the idea of
the Hamiltonian lattice gauge theory of Kogut and Susskind[56].

We will first explain the setup. This model is defined on a 3 dimensional cubic lattice
TV of size N. We will label lattice sites by n and three positive directions of links by a.
We take the lattice spacing to be a. The SL(2, C) connection A(z) is replaced by the
link variables V(n,a)4 5 € SL(2,C), which is regarded as a parallel propagator along a
link: :

V(@,a)AB = Pexpla /0 1 ds Al (n + s&)Ji]AB |
| [1+ g(A::,(n) + Ai(n+@)Ji + 0(@)] 5. (5.1)

Next we recall that the conjugate momentum # acts on the parallel propagator h4[0,1]
as

: %ai(x)ha[o,‘l] / ds8%(z, a(s))* (5)ha[0, 5] Jiha[s, 1].

From this we see that a lattice analog of the conjugate momentum 7 is given by
w'(n,a) = pp(n, &) + pi(n, a), (5.2)

- where Pt and ph respect1vely stand for the left translatlon and the right translatlon
operators

| P, &)V (n,b)4p = 6,;(JiV(n,0)5
o PR, @)V(n—b,0)"p = 8,4 (V(n —b b)J-) : (5.3)
The 1olat10n between momenta in the lattice and continuum theories is given by
7 (n,d) = ——2a2"m(n) +0(a®). (5.4)

While redundant for the completeneés of the variables, it is sometimes convenient to
introduce link variables in the negative direction V(n,—&) = V(n — @,a)~!. Then by
using the relation

Pi(n, &) = —pi(n, ~8), | (55)

the lattice momenta are expressed in terms only of the left translation

wi(n,8) = pi(n, &) — i (n,~0). (5.6
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The lattice counterpart of the curvature F¥, is provided by plaquétte loop variables:

V(n,Py)ts = [V,a)V(n+a,0V(n+a+b,—a)V(n+d—b)]"p
| [1+a®Fj(n)Ji + O(a®)]* 5. (5.7)

In order to formulate a lattice version of Ashtekar’s formalism, we have to translate the
constraint operators G, D, and § in terms of lattice variables. Among them, Gauss’ law
constraint G* is solved by considering only gauge-invariant functionals of link variables,
namely, spin network states defined on the lattice V. While it is difficult in general to
impose the diffeomorphism constraint (2.30) in lattice formulations, we formally solve this
constraint by regarding our lattice to be a purely topological object[61]. This is based on
the idea of diffeomorphism invariant states explained in §§3.4. Thus we are left only with
the scalar constraint &. '

A plausible candidate for the discretized version of the scalar constraint which respects
the symmetry under % rotations around the d-axis is given by [37]

Si(n) = > R Ty (— V(n ab)Jy) ' (n, &)? (n, b)
a<b

= d88(n) + 0(a"), (5.8)
where V (n, ab) = 3(V(n, Py) + V(n, P, _)+V(n,P_; 3)+V(n, P

—-ba

) is the ‘averaged’
plaquette loop variable. The action of S on lattice spin network states can be described
in the form which is analogous to that of $™" in the last section. The only difference
is that the insertion of n - B in the latter is replaced by the insertion of 3 (V V- 1.
The discretized WD equation usmg S; therefore has as its solutions the lattice version
of combinatorial solutions UF (s }[V] in which the smooth loops are replaced by straight
Polyakov loops [61].

However we are interested only in finding a clue to construct ‘correct’ solutions which
become solutions only after the action of the area derivative is taken into account. For
tiils purpose Sy does not seem to be suitable because it contains 16 X 3 terms at a vertex.
So we will henceforth use in our analysis the ‘truncated’ scalar constraint

Sul) =3 3 (=Y, Pya) TP (n ma)py(n, mab). (5.9)

a<bm.m=%

The number of terms ‘appearing in Sy7 is a quarter of that in ;. This enables us to
simplify the analysis. |

We do not think that our discretized WD equation yield solutions which become in
the continuum limit genuine solutions to the continuum WD .equation. From our analysis,
however, we expect to extract some instructive information on the correct solutions.

We can define measures in the lattice formulation in quite an analogous manner to
that in which the measures for spin network states are defined. For example, the induced
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Figufe 4: The action of the truncated scalar constraint on a single kink.

Haar measure is defined by eq.(3.6) with the edges {e}in the graph I' being replaced by
the links {€} in the lattice I'V. The induced heat-kernel measure is also defined in a
similar way by using eq.(3.17). In this case, however, we need to fix a length function
[{{). A convenient and reasonable choice is to set [(£) = a. In the following we will adopt
this choice. ' '

5.1 Multi—plaquette solutions
‘Let us now search for non-trivial solutions to the truncated WD equation[37]
Si(n)®[V]=0 for YnelV. - (5.10)

' For this aim we have to evaluate the action of 8y (n) on lattice spin network states. This
is executed in essentially the same way as that of calculating the action of S™*(}¥). In
particular, we can separate its action as

S[](n) = S”(n)l -+ SAH(n‘)g, ’ (5.11)

where 311(7'1)1 :a,nd' SH(n)Q denote respectively the action on the single link-chains and
that on the pairs of link-chains. . ’
For example, the action on kinks V(n — &,a)V(n,b) (@ # b) is computed as follows

é’A’U(n)l ) {V(n —a, &)V(n’ 5)}AB = %{V(n —a, &)(V(n,P&_a) - V(n’P—&,B))V(nai’)}Am
St (Vi —a,8V(mB)} 45 (Vin—a,8)V(n,5)}°p) = 0. (5.12)

”I‘opologicélly; the fofmer action can be interpreted as taking the difference of the results
of inserting plaquettes with the opposite orientations (figure 4). The action on the other
types of vertices can also be interpreted in terms of combinatorial topology of the lattice
graphs. '
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Now we are in a position to construct the simplest “nontrivial solutions” on which the
action of the area derivative essentially contributes to the vanishing action of Sy;.

We first consider the action on the trace of the p-th power of a plaquette. This is
calculated by using eq.(5.12)

S1r(n) - Te(V(n, Py)?) = £ (Tx(V (n, Pyg)*") = Te(V (m, Pyg)"™)) - (5.13)
This equation is reinterpreted as

Sutn)- DV (0, Pg) =0 | LTSS p v pg)| . 19

where F' denotes an arbitrary polynomial. We can readily extend this equation to the
case where F'is a function which can be expressed by a Laurent series. Thus we find

- 1-=V(n, Py '

As for the action of Syr(m) with m # n, the following can be said. When m coincides with
one of the vertices of the plaquette P,;, the result is identical to eq.(5.15) owing to the
symmetry of S;;. When m does not coincide, on the other hand, the action necessarily
vanishes. These results are summarized as

Sjj(m)-Trlo ~(1—V(n,P&I;)> _{ 2 form=nn+a,n+bn-+a+b, (5.16)

14V(n,Pyg)) |0 form;én,n+&,n+l3,_n+&+3.

Now we can provide the prescription for constructing “multi-plaquette solutions” on which
the action of the area derivative is essential[37]: i) prepare a connected set of plaquettes
{P}in which each vertex belongs to at least two plaquettes; ii) assign to each plaquette
P a weight faétof w(P) so that the sum of weight factors of the plaquettes which meet at
cach vertex vanishes; iii) the following expression yields a solution to eq.(5.10)

_ 1-V(P)
<Vi{w(P)} >= Pez{;}w(P)Trlog (W) : (5.17)

Now we will investigate whether or not the multi-plaquette solutions are normalizable
w.r.t. some measures on the lattice gauge theory. It is convenient to rewrite the result
hy means of the Clebsch-Gordan decomposition. We see that log(ﬁ%) is proportional to
the “one-plaquette state” [37] '

1-P st 1

P =L G @ D

< Vl]log(

TeS(V (P)?*+1), (5.18)
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where TrS(V™) is the symmetrized trace
TeS(V™) =VA, Vi = Trr, (V).

First we examine the normalizability w.r.t. the induced Haar measure dug (V). Owing
1o the consistency of the measure and because one-plaquette states defined on different
placuettes are orthogonal with each other, it is sufficient to investigate the norm of a
one-plaquette state

- 1-P P, .,
| < VIiog(;=p) > laws = [ dpen(V( P)) < Allog(? 5> I

Using the formula (B.5) this is easily evaluated as

1— ad 1
| < V]log(—=

> = < 00, 5.19
75 p) > laun £(2p+3)2(2p+1)2 (5.19)

namely the multi-plaquette solutions are normalizable w.r.t. the induced Haar measure.

Next we consider the induced heat-kernel measure dv/(V). The above reduction of the
problem holds also in this case. By taking I{P) = 4a into account and by using eq.(B.10)
we find - ’ :

1-P _ 1-P.
| < Viog(;55) > lay = /dut NI < Vilog(775) > |
at(2p+3)(2p+1)
- 00. (5.20)

T S p+3)2(2p+ 1)

The ‘[11u1ﬁi¥p1aquette solutions therefore turn out to be non-normalizable w.r.t. the induced
heat-kernel measure.

5.2 Lessons to the continuum theory

In this section we have investigated a lattice version of the WD equation and obtained a
set of nontrivial solutions to the truncated WD equation (5.10), namely, multi-plaquette
solutions (5.17).

We should note that, while these solutions are nontrivial in the sense that they have
non-vanishing action of the densitized co-triad operator, they still correspond to three
dimensional manifolds with degenerate metric. This is because the bi- and trivalent
vertices have zero eigenvalue of the volume operator [62]. In this sense we have achieved
ouly a half of our goal. In order to find solutions with non-degenerate metric we have to
deal with lattice spin network states containing at least four-valent vertices. This seems
to be a quite hard task and is left to the future investigation.

We expect, however, that these multi-plaquette solutions already provide us with some
lessons which are helpful in searching for correct solutions to the continuum WD equation.
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We have seen in the last subsection that the multi-plaquette solutions are not normal-
izable w.r.t. the induced heat-kernel measure. This can be traced back to the fact that
each multi—plaquette solution is expressed by a sum of infinitely many spin network states.
This seems to be indispensable when we want to have a non-trivial mechanism of can-
celling the action of the scalar constraint. Thus we conjecture that the correct solutions
are, if any, not normalizable w.r.t. the induced heat-kernel measure on SL(2,C) while
they may be normalizable w.r.t. the induced Haar measure on SU(2). But this should not
be taken so seriously, because the induced heat-kernel measure at most serves as a kine-
matical measure as is explained in §§3.3. Or we may rather use this non-normalizability
w.r.t. the induced heat-kernel measure as a criterion for determining whether an obtained
solution is physical or not.

We can expect that a ‘correct’ physical state in the lattice formulation consists of an
infinite number of lattice spin network states each of which have their ‘partners’. The
partners are different from the original term by addition or removal of two plaquettes.
If we try to reproduce this situation in the continuum theory, we have to extend our
framework of the spin network states so that we can deal with graphs which are not
piecewise analytic !°. This seems to be a difficult but essential subject left to us.

& Topological solutions

In the last two sections we have seen that any solutions which have constructed so far by
means of spin network states do not correspond to spacetimes with non-degenerate metric.
From this one might suspect that canonical quantization of general relativity do not yield
any physically meaningful results and thus it is not worthwhile investigating Ashtekar’s
formulation for quantum gravity much further. It is the existence of topological solutions
which sweeps off this suspicion. In this section we will look into these topological solutions
focusing on their spacetime geometrical aspects. '

6.1 SL(2,C) BF theory and topological sél_utions

11 order to see the existence of topological solutions, it is the easiest to show the relation -
between Ashtekar’s formalism and SL(2,C) BF theory[18]. As we have seen in §§2.1,
Aslitekar’s formalism is obtained from SL(2,C) BF theory

. . A .
—ilpp = / (59 A Fi+ 25 AT 6.1)
M 6

95 piecewise analytic graph is a graph which can be composed of a finite number of smooth edges
without intersection. While most of the results on the spin network states are verified on the piecewise
analytic graphs, it is desirable that they should be extended to the piecewise smooth graphs or more gen-
cral contexts. A piecewise smooth graph may contain smooth curves with infinite number of intersections
ir. a finite interval, '
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Dy imposing the algebraic constraint (2.8) which is equivalent to
AT = %&‘J‘zk ATk, (6.2)

The first class constraints (G*,V,,S) in Ashtekar’s formalism can therefore be expressed
as Jinear combinations of those (G, ®*) in SL(2,C) BF theory:

Vo = ibq)bi
S = Cud%, (6.3)

where Ct, and Ca, are functlonals only of the momenta 7%
In consequence, if we take the operator ordering w1th momenta to the left, all the
solutions to the quantum SL(2,C) BF constraints

GU[A] = -D, <5i \I/[A]>
d4p[4] = (%eabCF;c /; 5iz>\11[A]_0 (6.4)

are contained in the solution space of quantum Ashtekar’s formalism. They are the
topological solutions, which take different forms according to whether the cosmological
constant A vanishes or not.

For A # 0 we have “Chern—Slmons solutlons [55] [27)

¥9S[A] = I[A Alexp{r SCS[A]}, N (6.5)

where I[A] is some topologiéal invariant of the SL(2,C) connection and Scg[A] is the
Chern-Simons invariant

—_ i At = gk At J k
Secs[A4] _/M( (A dA* + 3¢ ANANA ) (6.6)

We see from eq. (6 5) that the number of linearly independent Chern-Simons solutions is
equal to that of principal SL(2, C) bundles over M (), This is consistent with the classical
yosult because the reduced phase space for SL(2,C) BF theory with A # 0 is a set of
discrete points each of which represents a principal SL(2, C) bundle over M @)[18].

For A = 0, all the gauge-invariant wavefunctions with their support only on flat
csruections become solutions to eq.(6.4). This was first pointed out by Brencowe[20].
“ach of these solutions is formally described as

zeM(3)

TropolA] = w1A] T] (H 6(%“%(@)), | (6.7)
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where ¢¥[A] is a gauge-invariant functional of the SL(2, C) connection. Because the defin-
ing region of Y[A] is reduced to the space of flat connections, we can regard ¥[A4] as a
function on the moduli space A of flat SL(2, C) connections on M3 modulo small gauge
transformations. ‘This allows us to give an alternative expression for W;po[A]

TyopolA] = / dnp(n) U, [A] (6.8)
0.4 = [ldg(= N84 0) = slAwi(o), (6.9)

where. Ag, is a flat SL(2,C) connection which represent a point n on the moduli space

N oand .

| glALL(2) i = g(z) AL (2) Jig™ (z) + 9(2)0ag ™ (2)

denotes the gauge-transformed SL(2, C) connection. This expression of the topological
solutions is essentially a kind of Fourier transform of the expression given in ref.[66]. It

was discussed in [66] that it is sufficient to take the 1ntegrat10n region in eq.(6.9) to be
the space of small SU(2) gauge transformations.

Because the topological solutions are solutions to SL(2,C) BF theory, most of their
properties can be clarified by investigating the quantization of this theory. Some of the
works of this kind can be seen, for example, in [27][28][60][29]{13] and several interest-
ing results-have been found. However, if we investigate the pure BF theory we cannot
“extract any information on the spacetime geometry in which the general relativitist are
the most interested. In order to investigate spacetime geometrical feature of the solutions
to quantum gravity, however, we need a physical inner product and physical observables
which measure quantities necessary to reconstruct spacetimes. This is left to the future
investigation because we do not know any physical inner product and any such physical
observables. We can nevertheless provide particular types of solutions with spacetime
poometncal interpretations semiclassically, and this is the case with the topologlcal solu-
tions ‘

In the fOll'oWi'n'g'We Will give semiclassical interpretations for these topological solutions.
We first review the A # 0 case and then look into the A = 0 case.

.9 WKB orbits of the Chern-Simons solutions

it 1s a well known fact that the Chern-Simons solution takes the form of a WKB wave-
N . ’ ’
Amerion

SWIA] + H(AL 7 =

US[A] = I[A)e™ A (6.10)
where W[A] = —i:5¢s[A] is regarded as a Hamilton principal functional subject to the
Hamilton-Jacobi equation: ' : |

9 [4]) = 0. (6.11)

VAL
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tlamiltonian in eq.(6.11) is given by
N _

H = —G(A;, — N°A,) + D(N) + S(N)
= i /Mm Br(DAiRY — Ti (79)9%), (6.12)

-where %1 (7%) is the solution to eq.(2.8) whose explicit form is given by eq.(2.14). Now
we can semiclassically interpret the WKB wavefunction (6.10) by investigating a family of
corresponding classical solutions (WKB orbits). This was first investigated by Kodama[55]
in the minisuperspace model. Here we will review his result in terms of generic spacetimes.
WINE orbits are determined by the following equations

) 3 =

R iz =25 | (6.13)
4 = (4 H)
at a al PB
- » i A i (b . 3 i v o(zb ai
, = DaAt—gzta(w)-z/( Po{Al T (7)) ppd®. (6.14)
MG

12¢.(6.13) is called the Ashtekar-Renteln ansatz[11]. Because the last term in eq.(6.14)
- vauishes on account of eq.(6.13), these equations can be summarized into a covariant form

[ | A i ‘
Fj, =35 | (6.15)

i we stick to the region of Lorentzian signature, the WKB orbits are subject to further
- rostrictions. Namely, by imposing the (covariant) reality conditions (2.7)(2.8), we find

R = %e"‘ AéP. L (6.16)

'[his tells us that the Chern-Simons solutions correspond to a famlly of spacetimes which
are l(lcally de Sitter®

3 o |
dsig = X[—dé2 + cosh? f(dﬂ(3))2], -~ (6.17)

where (d€))? denotes the standard line element on S°.
However, this is not the whole story. From the Ashtekar-Renteln ansatz (6.13), we
cun read off the 3-metric gqp which is given by

(¢ = —%(det(éck))-léafébi. (6.18)

Sticking to the Lorentzian signature thus amounts to restricting ourselves to the region
det(B%) < 0. However, because W$S[A] is well-defined on the whole space of SL(2,C)

20

For simplicity we have assumed that the cosmological constant A is positive.
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connections, there seems to be no natural reason to rule out the region with det(B%) >

0 (i.c. with det(ges) < 0)[55]. Spacetimes in such a region corresponds to Euclidean

manifolds with signature (—, —, —, —) which represent spacetimes fluctuating about H4
(the 4 dimensional hyperbolic hypersurface):

3
ds = ——K[dfz + sinh2£(dﬂ(3))2]. (6.19)

Moreover, if we consider the pure imaginary time & = i€ (& real) also, we obtain the
Euclidean spacetimes with signature (+, +, +, +) fluctuating about the four-sphere S*:

dst = %[dg? + sin? €(dg)?) (6.20)

By appropriately assembling these results, the Chern-Simons solution U$¢5[A] is con-
siclered to correspond with spacetimes fluctuating about the sequence

H* — §% 5 ds.

This gives the picture of “creation of the Lorentzian spacetimes (dS*) from a mother
Ciclidean space (H?) by way of a temporary bridge (S5%)”[55].

Because the deSitter space is a vacuum solution to the Einstein equation in the case of
a positive cosmological constant, we expect that the Chern-Simons solutions are vacuum
states of quantum gravity with A > 0. This expectation was confirmed by investigating
stubility of the classical background (6.13) w.r.t. small perturbations [83].

Here we will make a remark. In this section the reality conditions are imposed clas-
sically in order to extract information on the real quantities (e*,w®?). In the actual
quanium theory, however, reality conditions are imposed quantum mechanically through
the inner product. As a result the self-dual part C)? _, of the conformal curvature
may fluctuate[83], while its anti-self dual part C(-)? _  and the Ricci tensor R, are
{ixed almost completely by eq.(6.15) to be

N

C =0, Ry =Agu.

3

€.3 Semiclassical interpretation of ¥,,,,[A]

Let us now look into the case of a vanishing cosmological constant. Because W om0l A]
does not possess a WKB structure, one may consider that we cannot interpret \I'topo[A]
soiclassically. We can nevertheless give ¥y0,0[A] a semiclassical interpretation.

To see this, let us first consider the simplest example, namely the harmonic oscillator
“with the hamiltonian h = %pZ + %q2. If we introduce the complex variable z = g + ip, the
- ground state < g0 >= 9(q) of this system satisfies :

- 4a(a) = g+ hg)ihle) = O (6.21)
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The normalized ground state is therefore given by
Yolg) = (ah) ™/ 4e7a 7" (6.22)

Thus the probability density that the coordinate takes the value ¢ and the one that the
momentum takes the value p are, respectively, given by

|<q0>? = - 8(q),

wh
1 1.

We can conclude that the ground state |0 > semiclassically corresponds to the origin
(7.p) = (0,0) of the phase space. Of course this is not the case in the quantum sense
bocause Z - 1o(g) does not vanish. The essential thing is that the quantum commuta-
tor [£,Z] = 2k is negligible in the semiclassical region and thus we can ‘simultaneously
diaginalize’ 2 and Z (or equivalently § and p) under the semiclassical approximation.

This ‘semiclassical interpretation’ is expected to apply also to the topological solutions
~for Ashtekar’s formalism. From its definition, it is obvious that the topological solutions
(6.8) correspond to classical solutions with

Fiy=0. o (6.24)

Secanse the temporal components A¢ only play the role of gauge parameters, they can be
arbitrary chosen to yield /
F,, =0. (6.25)

Now, by classically imposing the reality conditions (2.7), we see that W;,,0[A] correspond
to spacetimes which are flat?

R = 0. | (6.26)

This suggests that the topological solutions represent vacuum states of quantum grav-
ity in the A = 0 case. Some affirmative evidence for this suggestion was provided in
ref.[66], which appeals to the analogy of Wy,,,[A] to the typical vacuum states of quantum
field theories. For example, that yo,,[A] carry the topological degrees of freedom (the
moduli n € M of flat SL(2,C) connections) is essentially the same as that the vacuum
states 1n a quantum field theory carry the similar ones (e.g. the soliton numbers).

nlike in the caée with A # 0 we can exploit from the topological solutions for A = 0
‘more detailed information on the spacetime. As is immediately seen in eq.(6.9), we can at
least in principle distinguish different moduli by means of the ‘characteristic’ topological

' Az in the case of UF5[A], self-dual part of the conformal curvature still survives slightly in the full
quantum theory because the quantum reality conditions cannot completely fix this part. '
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solutions W,[A]. Giving semiclassical interpretation to ¥,[A] thus amounts to finding a
farnily of flat spacetimes corresponding to the moduli n.
This is the situation similar to that which we have encountered in (2+1)-dimensional
aravity[85]. There the reduced phase space is the moduli space of flat connections in a non-
compact gauge theory and a point on the moduli space is related to a (2+1)-dimensional
spacetime through a geometric structure [25].22 This relation was explicitly established
in the cases of simple topologies with A = 0[26][63] A > 0[34] and with A < 0[35].
Difference between the problem at hand and that in (241)-dimensions is that, in the
former, we need only to work out the relation of the space N of canonical coordinates
to the spacetimes, while in the latter we have established the relation between the phase
space and the set of flat (or maximally symmetric) spacetimes. We can therefore expect
easily that the relation between N and the space of flat spacetimes is one to 1nﬁn1ty (not
countable).?3

Let us mvestigate in practice what spacetimes correspond to a point n on the moduli
space N[39]. For this purpose we will first provide a parametrization of N.

We should note that the moduli space N in general consists of disconnected sectors
which are related with one another by large gauge transfc. mations[18], namely by gauge
irausformations which cannot be continuously connected to the identity. Because we are
now interested in a family of spacetime metrics which corresponds to a point n € N, it is
suificient to investigate only one of these sectors. For simplicity, we will choose the sector
Ny which is connected to the trivial connection A% = 0.

Tu order to parametrize Ay, it is convenient to use holonomies along non-contractible

loops:

H(a) = hal0,1] = P exp( /0 ' ds6®(s) Ag), (6.2

where a1 [0,1] = M® (a(0) = a(1) = x) is a loop on M®). Because the connection A4,
is fiat the holonomy depends only on the homotopy class [a] of the loop a:

H(o) = H(/) = H[a] if [o] =[], (6.28)

The {large or small) gauge transformation A,(z) — g(z)A, ( )9~ H(z) + 9(2)8.g7}(z) on
tae connection Ag(z) is cast into the conjugation by g(zo) on the holonomy

H[a] - g(z0)H [a]g™ (o). (6.29)

T1e moduli space N is therefore identical to the space of equivalence classes of homomor-
uhigims from the fundamental group m (M (3)) to the group SL(2, C) modulo conjugations:

Ny = Hom(m (M®),SL(2,C))/ ~. (6.30)

“*For a detailed explanation of the geometric structure, see for example, refs.[44][69].
‘“The relation between the reduced phase space of SL(2, C) BF theory and the space of flat spacetimes
ave much more complicated [39]. In this paper we will not go into its detail.
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“imce we have parametrized the moduli space Ay by using holonomies, we can work
out the explicit relation between the moduli n and flat spacetimes. Because we know
S eq.(6.25) that the SL(2, C) connection A} is flat, it can be written in the form of a
nrrs gauge on the universal covering M ~ R x M®) 24

AYEM)J; = AN EM) A (FH), (6.31)

whete A(ZH) € SL(2', C) is the integrated connection which is subject to the periodicity
condition :

' A(y + 3*) = H[y]A(EH). : (6.32)
<t by imposing the reality conditions (2.7) classically, we can (up to gauge degrees of
«!om) completely fix a spin connection w® 4(3*) on M as

W 5(E) = (ATH(E)* dA(E)T 5, (6.33)

where A(Z#)* 5 = (Pexp JE w(@))e s is the integrated spin connection which is related
" to A(Z*) in eq.(6.31) by the last two equations in Appendix A.

I. order to construct spacetime metrics which are related to this spin connection, we
Liave to search for the vierbein e* which are single-valued on M and which satisfy the
torsion-free condition .

de*(E*) + w® 5(3*) A €7 (&) = 0.
iy eq.(6.33), the torsion-free condition is cast into the closedness condition
d[A(E*) ge’ (3*)] = 0.
Hecaise M is simply-connected by definition, this equation is completely solved by
(@) = (A (@) pdXP (), (6.34)

where the set” {X%(##)} is considered to be the embedding of M into (the universal

vering of) an adequate subspace of the (3+41)-dimensional Minkowski space M3+1. In
order for the vierbein e"‘(a:") to be single-valued on M, it must satisfy the ‘periodicity
‘eondition’

e*(y +3*) = e*(3*) for Y[y] € m(M), - (6.35)

{lrs some conditions necessary when M is not contractible to a point). By substituting
. 6.34) into eq.(6.35) we find

dX*(y + 5) = d(H[Y]* 4 X°(8")), (6.36)

*Te universal covering M(3) of M®) is the space of all the homotopy classes of curves in M(®) starting
frony, say, the origin z = 0. We will decompose the point Z on M) as % = v + 2, which means the curve
which first passes along the loop v beginning at the origin = 0 and then goes from the origin to the

10 '1 t x on M®) by way of the shortest path measured by some p051t1ve-deﬁn1te background metric on
- We will denote by # = (t Z) a point on M.
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where H[7y]® 5 stands for the holonomy of the spin connection w* 4 evaluated along the
~ loop . The relation between H|[y]® s and H[y] is also given by the last two equations in
Appendix A. By integrating eq.(6.36) we obtain the most important result:

Xo(y+ &) = Hiy]* pXP (@) + V)%, . (6.37)

which states that the periodicity condition of the embedding functions {X*(z*)} is given
by Poincaré transformations which are isometries of the Minkowski space. Consistency
among the periodicity conditions imposed on all the loops in 7 (M) & 7, (M®)) requires
that the set of Poincaré transformations {(H[v]* 5, V[7]*)| 7€ m(M®)} should give a
homomorphism from 71 (M®) to the (3+1)-dimensional Poincaré group. This is precisely
the Lorentzian structure on the manifold M ~ R x M® [44]. Thus we can say that the
“moduli of flat SL(2,C) connections on a spacetime manifold M ~ R x M® specifies a
LQrehtz transformation part of Lorentzian structures each of which belongs to

Hom(m (M®), (P3*1)1)/ ~,

~ where (P3*+1)1. denotes the proper orthochronous Poincaré group in (3+1)-dimensions and
* ~ stands for the equivalence under the conjugation by (proper orthochronous) Poincaré
transformations.. ' :

Here we should note that a physically permissible Lorentzian structure must be of
rank 3 2% in order to avoid untamable spacetime singularities, and that its action must be
spacelike in order to render the spacetime subject to the strong causality condition[47]. We
will see in the next subsection that these conditions restrict severely the semiclassically
permissible region of the moduli space N, by examining the simple case in which the
spatial 3-manifold is homeomorphic to a 3-torus T°.

6.4 The case of M®) ~ T3

Let us now consider the M® = T3 case[39]). We first construct the moduli space Nj.
Because 71 (T°) & Z®Z@Z is an abelian group, the holonomy group on 7 is generated
by three commuting elements (H[o], H[G], H[y]) of SL(2,C). By taking appropriate

conjugations we find that the moduli space Ny consists of several ‘disconnected’ sectors
2. : .

Ny =Ns & ( @D NF) . (6.38)

ni,n2 1"’36{0)1}

25The rank here is meant to be the maximal number of generators in the subgroup.
26As in (2+1)-dimensional cases [63][34] [35], these sectors are in fact connected in a non-Hausdorff
" manner. However, we will not go into this problem.
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The standard sector Ny is characterized by

Hia] = exp((u+ia)J;)
H[B] = exp((v+1b)Jy)
H[y] = exp((w +ic)Jy), (6.39)

- where u,v,w are real numbers defined modulo 47 and a,b,c € R. Gauge equivalence
- under g(zo) = exp(nJy) further imposes the following equivalence condition

(a,b,c;u,v,w) ~ —(a,b,c;u,v,w). | (6.40)

‘As a consequence the standard sector Ny has the topology (T° x R3)/Z,. A simple
- connection which represent the point (6.39) on Ny is obtained by making an appropriate
gauge choice and an adequate choice of periodic coordinates (z,y, z) with period 1. We

find
Agdz® = [(u + ia)dz + (v + ib)dy + (w + ic)dz]J; = (dW; ;}-ide)Jl =dWJ. (6.41)

The flat sectors Np""*™ are parametrized by the following holonomies:

Hle] = (=1)" exp(&(Je + 1))
H[B] = (=1)"exp(n(Jz+iJ1))
Hly] = (=1)"exp({(J2 +1id1)), (6.42)

where £, n, ¢ are complex numbers which do not vanish simultaneously. Gauge equivalence
under g(z¢) = exp(—ikJ3) with k € C tells us that (£,n,() provide the homogeneous
coordinates on CP?%:

(ga Ur C) ~ € (6’ m C) (643)

Thus we find Np*"*™ ~ CP?. Because two flat sectors are related with each other by
a large local Lorentz transformation like g(z) = exp(2m(8niz + dngy + dnsz)Js), they
are considered as corresponding to the same set of spacetimes. Thus in the following we
. will consider only one flat sector Np = NO 00 As in N5 we can find a connection which
‘represent a point (6.42) in Vz. The result is

Agd® = (§dz +ndy + (d2)(Jp + iJ1) = dE(Jo + 1) = (dZ1 +idSs)(Jo +4J).  (6.44)

'Now we can discuss what Lorentzian structures correspond to each point on N = Ns®
Nr. We should bear in mind that, because 71 (T°%) & Z G Z @ Z, the Lorentzian structuvre
in question is generated by three Poincaré transformations which mutually commute.

First we. consider the standard sector Ns. Because the parameters (u,v,w) and
(a,b, c) respectively give rise to rotations in the (X2, X®)-plane and Lorentz boosts in
the (X9 X')-plane, we have to separately consider the four cases.
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I) For (u,v,w) # 0 # (a,b,c), the Lorentzian structures are necessarily embedded
into the rank 2 subgroup {Ras, L1} of the Poincaré group?’. We therefore expect that the
spacetime given by one of these Lorentzian structures suffers from singularities. This is
indeed the case. Such spacetime inevitably has singularities at which the metric degen-
erates and through which the orientation of the local Lorentz frame defined by {e*} is
inverted[39]. Thus these spacetimes cannot be considered to be physical, at least classi-
cally.

IT) For (a,b,¢) = 0 # (u,v,w), we can embed the Lorentzian structure into a rank 3
subgroup of the Poincaré group {Ra3,T°, T}, where T* denotes the group of translations
. in the X *-direction. This subgroup, however, includes time-translations. The correspond-
-ing spacetimes thus involve timelike-tori and so they are not considered to be physical. Of
course we could use the Lorentzian structure which is embedded in the rank 2 subgroup
{Ra3,T'}. But in this case singularities similar to those appeared in case I) always exist
in the resulting spacetime. This case therefore corresponds to a set of spacetimes not
allowed in general relativity.

. ITT) For (u,v,w) = 0 # (a,b,c), the situation drastically changes. The Lorentzian

structure in this case can be embedded into the rank 3 subgroup {L;,7%,73}. Fortunately
~ the action of this subgroup on the region {(X?)2 — (X')% > 0} € M3*! is spacelike. This
Vin’dicates that this case corresponds to a set of well-behaved spacetimes.

More precisely, by plugging into eq.(6.34) the 1ntegrated spin connection constructed
from A = «dWsJ;, we find the equation

cosh Wee® — sinh Woe! = dX°
—sinh Wae® + cosh Whe! = dX!
e? = dX?

e = dX3. (6.45)

A cho{i‘ce of embedding functions which yields well-behaved spacetimes is:
, (Xa) = (T cosh(Wz + ), —Tsinh(Wy + @), f - &+ 92,7 & + ¥s),

where ,6 and 7 are constant vectors in R3. 7, o, 1, and ¢3 are single-valued functions on
M. Substituting this into eq.(6.45), we find

e® = drcosha + 7sinhad(Ws + «)

e! = —drsinha~ 7coshad(W, + a)
e = dX?=FdZ+ di f
e = dX3=7.dZ+ dys. (6.46)

?"R;; and Ly, respectively stand for the group of rotations on the’ (X, X -7) plane and that of Lorentz
- boosts in' the (X° Xk)-plane

o7



This vierbein gives a physically permissible spacetime whose only pathology is the initial
singularity at 7 = 0:

ds? = —dr? + 72 (W + )? + (dX?)? + (dX?). (6.47)

V) For (a,b, ¢) = (v,v,w) = 0. In this case also we can embed the geometric structure
into the rank 3 subgroup {T",T%,T3}, whose action on the whole Minkowski space is

: spaceh’ke We expect this case to correspond to spacetimes without any singularity. Indeed

we see. that the spacetlmes which correspond to this case take the following form
| ds? = —dT? + dX'dX", - (6.48)

where X =& .7 and each ' is a constant vector in R3 These spacetlmes in general
have no singularity. ‘

Next we consider the flat sector Nz. We deal with two cases ‘separately. ,

I)* For Re 5-) and Im 3 £) being linear independent, with £ = (£,7,7), the Lorentzian
structure in question is embedded into the subgroup {N'*, N 2+ ,T*}, where T is the

 translation in the X *+(= X0+ X3)- direction and N** (i = 1,2) is the null-rotation which

stabilizés X+ and, X;' Because this subgroup contains translation in the null-direction,
there i is a posmblhty that closed null curves appear. An mspectmn [39] shows that, while
the correspondmg spa,cet1mes28

ds? = —dt® — e'dtdZ, + eHd2d= (6.49)

~.may or may not have closed causal curves29 they certainly violate the strong causality

_ cond1t10n[47] These spacetimes are therefore not so des1rable in general relat1v1ty

11)’. For Im(£) = 0 # Re(€) (or equivalently for £ = '¢Im(£-§ ¢€(—%%) the

" Lorentzian stru- ture is embedded into ‘the rank 3 subgroup {N?+, T+ T?}. Also in this

~case the resulting spacetimes spoil the strong causahty condltlon in the same way that

the spacetime (6 49) does.

- To summarize, ‘each pomt on M = Ng ® N F ylelds a famlly of Lorentz1an structures, '
whose pro Jectlon onto the Lorentz group is given by the correspondmg SL(2,C) holonomy

“group. While there is a subspace {(u,v, w) = 0} € Ny each point on which yield a family

of phy smally permissible spacetimes, most of the points on ./Vé give rise to a family of |

spacetimes which suffer from singularities or which ruin the strong causality condition.

~ Most of the characteristic topological solutions ¥ n[A] therefore correspond to a family of

spacetlmes which are not permissible from the viewpoint of general relatmty
How to resolve this issue? Two methods are conceivable. One is to impose a selection
rule whlch extract only the subspace {(u,v,w) = 0} € NS However this seems to be

BZ. s deﬁned as 7y = a+ # with &, being a constant vector in R®. E denotes the complex conJugate
of B.

2T fact th1s metnc has at worst closed null curves..
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artificial and so not desirable compared to the situation of the Chern-Simons solutions.
The other is to consider the singularities to be annihilated owing to the uncertainty
principle in quantum gravity. This is possible because any topological solutions ¥o,s[A]
' ~ cannot fix a spacetime (or a Lorentzian structure) and, in particular, ¥,[A] corresponds
to a fa_mily of spacetimes. As for the flat sector Nr which violates the strong causality
condition, taking account of the fact that this sector ‘almost degenerates’ with the origin of
N in & non-Hausdorff manner, corresponding spacetimes are in fact some ‘supe'rposition”
of (6 48) and (6 49) which may restore the strong causality. :

~ In the actual quantum gravity, we have to take account also of the “right-handed
graviton mode” C (+)p . To elucidate what actually happens to the topological solutions
is thus postponed untll 1ts full treatment in quantum gravity will be ma,de poss1b1e

6.5 Thev Euclidean case

So far we have investigated what family of spacetimes specify the topological solution
UGS[A] or W,[A] putting emphasis on the case of Lorentzian signature. For completeness
it vvo“uld be proper to mention the Euclidean signature case. The case with signature
(—,—,—,—) has not yet been studied so much. The case with signature (4,4, +,+) has
- been’ 1nvest1gated in ref.[1]. We will briefly review the results.
VVe first note that, in the Euclidean case, we cannot exploit reahty conditions to extract
the full mformatlon on the spin connection w"‘ﬂ from that on the anti-self-dual connection
. - Al = _leijkwjk + o
, % 5 .
Some of the degrees of freedom concerning the self-dual connéction thus remains intact
“even if we impose’ the torsion-free condition de® + w* 53 A ef =0. ‘
For A # 0, the Chern-Simons solutions

¥GS[Ag) = I[Agle wSostsl - (6.50)

are the topologlcal solutlons also for the Euchdean case and the equatlon for the WKB

“orbits | , ,

v_ Ff.; = %Ei = —(——e”keJ AeF 4+ Ae) - (6. 51) '

yields the conforma,lly self-dual Euclidean manifolds with a fixed Riccl curvature R“,, =
Aguy-

Thus the famlly of WKB orbits corresponding to the Chern Simons solutions are equal

to the moduli space of conformally self-dual Riemannian manifolds, which was shown by

Hitchin{17] to yield either §* with the standard metric or CP? with the Fubini-Study -

metric in the case where the four dimensional manifold M is compact and A is positive.
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For A = 0, the topological solutions U;,,,[Ag] have their support only on flat anti-
_self-dual connections
Fi =0,

- namely on self-dual four dimensional manifolds M. If M is compact, then by the theorem
of Hitchin[17] the topology of M is limited to that of T¥, K3 or their quotients by some
discrete groups. His theorem further informs us that W;.,,[Ag] is characterized by the
moduli of Einstein-Kéahlerian manifolds with vamshmg real first Chern class.

As a result of the ﬂatness of the connection A% the equations which determine the
two-form % can be written as :

AT, = éaff‘zkx\zk | |
T = 0. - (6.52)

In general the second equation holds only locally. If the canonical bundle over M is trivial,
- howéver, these equations hold also globally. In this case the corresponding manifolds are
called hyper-Kéhlerian. On the other hand, manifolds whose canonical bundles are non-
trivial are called locally hyper-Kéhlerian. '

6.6 . TOpblogical solutions for N =1 supergravity

Up to here in this paper we have explored several aspects of Ashtekar’s formulation for pure
gravity. Asa matter of fact Ashtekar’s formulation can be applied also to supergravities
with N = 1_[51][24] and with N = 2[59]. These Ashtekar’s formulation for supergravities
can also be cast into (graded) BF theories with the two-forms subject to the algebraic
- constraints like eq.(6.2)[38]. This relation elegantly explains the existence of topological

solutions also for NV = 1 supergravity [80}[66] and for N = 2 supergravity {80][38]. Here
we will brxeﬂy see this in the N = 1 case only. The similar arguments hold also in the
N =2 case. For a detail, we refer the reader to ref.[38].

Ashtekar s formulation for N = 1 supergravity was first derived by Jacobson[51]. Later
a more convenient derivation by way of the chiral action was discovered in ref [24] We
will follow the latter case.3? : -

Our starting pomt is the following chiral action with a cosmological constant A g°
(p0331bly with g 0)3t

S (F+ Ag(5) ap% A 9B) + 2x4 A Dy
—ZIBF —_— . t 9_2_ $ i 9 A 9 (6.53)
: : —EUAD = ExaNx]

30 We will follow the convention used in refs.[80][81].
*1To avoid the confusion we will denote in this subsection the SL(2,C) generator in the spinor repre-
sentation as (Z)4 g, with o; being the Pauli matrix. .
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where A’ and ¥ denote as in the bosonic case the self-dual part of the spin connection and
the self-dual two-form respectively, and ¥4 and x4 respectively stand for the left-handed
gravitino and the left-handed two-form which corresponds to the right-handed gravitino32.
In consequence 48 = T(Z4)45 and x* are subject to the algebraic constraints

= $MABARCD) =,
EABC = SUWBAxD =0. (6.54)

EABCD

. Wecan easﬂy show that eq.(6.53) actually coincides Wxth the BF actlon with the gauge
group bemg the graded group GSU(2):

~iIF = / STY(BA F — —-—B AB), . (6.55)

whete B = E’J — 3;x*J4 is a GSU(2)-valued two-form and F = dA+ AA A is the |
curvature two form of the GSU(2) connection A = A*J;+94J 4. (Ji, J4) are the generators
of the graded Lie algebra GSU(2)[70]:

(i, Ji] = eind,  [Jiy Ja] = ( ) BJs, {Ja,JB} = —2>\9( )ABJz, (6.56)

‘where { , } denotes the anti-commutation relation. STt stands for the GSU (2) invariant
bilinear form which is unique up to an overall constant factor

STI‘(J,J]) = 5,']', STI‘(JAJB) = ——2)\g€AB,
STr(J4Ji) = STr(JiJ4) =0. | (6.57)

Slmllarly to the bosonic case Ashtekar’s formahsm is attamable by performlng (3+1)-
: decomposmon of the action (6.53). We first obtain

i ..fdt/ Tr(f1* Ao + AG + B, ®°)
L= / dt /M (79 A + 27rA¢aA + AGH — 2 u L + T, oo — 2104%°)(6.58)

" where we have set I1® = zeeBy, = 74, — A—WGAJ 4. From this we can read two types
of constraints in GSU(2) BF theory, one is Gauss law constraint which generates the
GS_ U(2) gauge transformations ’

~ ~ : o L 1
G = DI = §,II° + [A4,,11°] = G'J; — A—gLAJA,
Gi — Daﬁ.ai _ 2(0_) ¢A7~.".aB

LA = D% + Xgi®(Z Z.) 5. | (6.59)

32Note that x4 and ¥4 are Grassmann odd fields. Whether an object is Grassmann even or odd can
be determmed by whether the number of its Lorentz spinor indices is even or odd.
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And the other is the constraint which generates the extended Kalb-Ramond symmetry[53]

1 ' 2 .
P = ___~abc‘7:bc___g_na

2 3
— @azJ' + @aAJA,
ai 1~abc ‘ B 92 ~ ai
¢ = (F,,c+2xg(2 Jas¥fy?) — S
aA _ ~abc Ay 9 zan I
§I> = Dyy? + 3)\ — L , (6.60)

- Next we solve the algebraic constraints (6.54) for the lagrange multlpher (i, x4).

By substituting the results into eq.(6.58) we find that Gauss’ law constraint remains

ihtact while the other constraint survives only partially, namely, what survive are only
the following linear combinations '

1
A __ 17k ~ b~ck AB
R = Sephee 7Y (2z) B
1 . 1
S = Z,ﬁgbchk b] ck@az %€ bc7r (; )ABWCBQaA
V, = % EabeT D% + €, TOADS,. - | (6.61)

Physically, R4 generates right-supersymmetry transformations, S generates many-fingered
time evolutions, and V, generates spatial diffeomorphisms. In passing, among Gauss’ law
~constra,irit G® generates local Lorentz transformations for left-handed fields and L4 gen-
erates left- supersymmetry transformations.
Quantization, also proceeds as in the bosonic case by replacing ¢ times the Poisson
- brackets with the quantum commutators. If we use the representatlon in which At and
: z/)A are dlagonallzed the action of the operators #° and # “ on the wavefunction U[A,)
s represented by functlonal derivatives: R
.‘ ~at ) 2aA ' 1 46
T ( ) [ a] (SA’( )\I’['A] T (.’E) ’ lII[‘ACI] 25¢a.4( )
The physical wave functions in quantum N = 1 supergravity have to satisfy the first
class constraint equations: '

\II[A ]. (6.62)

VA = AvA]=0 (6.63)
RAU[A)] = SV[A) =V, T[A,] =0. (6.64)

~ Gauss’ law constraint (6.63) requires the wavefunctions to be invariant under the GSU(2)
‘gauge transformations. When we solve the constraints (R4,8,V,), we should note that
these constraints are linear combinations of the constraints (®%, ®¢4) in BF theory, with

~ the coefficients being polynomials in the momenta (7%, #°4). Thus, as in the bosonic case,
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if we take the ordering with the momenta to the left, solutions to GSU(2) BF theory are
involved in the solution space for quantum N = 1 supergravity in the Ashtekar form.
They are the topological solutions for N = 1 supergravity.

For g # 0, we have the N = 1 Chern-Simons solutions [80][81][40]

TGS A,] = I[A,)e 57565 Me], | (6.65)

where 7 [A,)] is some topological invariant and S évs"l[Aa] is the Chern-Simons functional
+ for the GSU(2) connection A -

N=1 __ g
Sas = M(S)STr(AdA+3A/\A/\A)

| Fof g = 0, we have the following formal expression for the tbpological solutions

Vil Ad] = FIAS] T (m(ea%(x) 1G> z/f*(m») (6.67)

zeM(s)

’

where F[A,] is an arbitrary GSU(2)-invariant functional of the connection A,. Owing to
~ the delta functions F[A,] reduces to the function on the moduli space GN of flat GSU(2)
connections. Alternatively, we can write Wyop,[A,] formally as

UiopolAa] = /gnegNd(gn)F(gn)\I’gn[Aa]
Ul = [1d6@)] [T I 840 = GlAoph(@),  (6:69)

zeM(3) ar(i:A)

where A4, is a flat GSU(2) connection which represent a point gn on the moduli space
GN'and , L
- Gl AL(2) = G(2) Au(2)G7 () + G(2)0.G7(z)
,denotes the gauge-transformed GSU(2) connection. The integration region in eq.(6.68)
is taken to be the space of small GSU(2) gauge transformations. This expression of
topological solutions is essentially a kind of Fourier transform of the N = 1 topologica.
solutions given in ref.[66]. -

~ The solutions (6.65) and (6. 67) are considered to be vacuum states of N = 1 super-
- gravity for the same reason as in the bosinic case[66]. It is expected, however, that the
' spacetimés corresponding to these topological solutions are considerably different from
'thOSe in the bosonic case[40], because in supergravity the existence of the gravitino influ-
ences the nonvanishing value of the torsion through the equation:

de* +w g A ef = —§aAA¢ A4, (6.69)
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where EA is the right-handed gravitino and o9 ; stands for the"‘soldering form” in the
Minkowski space M3+1 [72]. This was explicitly established in the minisuperspace model
for g # 0[81]. There it was demonstrated that, due to the effect of the gravitino, behavior
‘of the WKB orbits in general deviates from that of the deSitter space.

6 7 Summary and discussion on §6

In this section we have looked into the topological solutlons Semlclassmally these so-
lutions correspond to a family of vacuum solutions to general relativity i.e. spacetimes
with no graviton excitation, and thus they are expected to be vacuum states of quantum
gravity. This expectation is confirmed by the fact that the topological solutions are also
physical states in a topological field theory, SL(2, C) BF theory, and that they naturally

* . carry the topological degrees of freedom such as the moduli of flat SL(2, C) connections

which yield a family of Lorentzian structures on the flat spacetime. These topological
solutions as vacuum states of quantum gravity naturally extends to N = 1,2 supergrav-
 ities. 'In‘ supergravities, however, corresponding spacetimes are nontrivial because of the
existence of the gravitino. v

‘The ._eXistence of the topological solutions is intimately related with the fact that
Ashtekar’s formulation for canonical gravity can be cast into the form of SL(2,C) BF
‘ theo'ry,_with the two-form field £¢ subject to the algebraic constraint. In association
. with this there are several attempts to interpret Einstein gravity as a kind of “unbroken
phase” of some topological field theories [68][54]. This idea is interesting because it may
. provide us with some information on a more mathematically tractable formulation on the
" quantum gravity as in the case of (2+1)-dimensional gravity[85]. Now from the result
" in §86.6 we expect that these idea can be extended to supergravities. Probably this
deserves studying because the existence of the supersymmetry is believed by most of the
high energy phenomenologists and from such a viewpoint supergravities seem to be more
realistic than pure gravity.

7 Other solutions and remaining issues

. In this paper we have given an outline of two types of solutions, namely the Wilson loop

. solutions and the topological solutions, for quantum Ashtekar’s formalism. As far as the
‘ author knows there are further two types of solutions for canonical quantum gravity. Here
- we will make a brief introduction of these solutions. After that we will discuss remaining
issues on Ashtekar’s formulation for canonical quantum gravity.
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7.1 Loop representation and the Jones polynomial

In this paper we have worked solely with the connection representation in which the
wavefunctions are represented by holomorphic functionals ¥[A!] of the SL(2,C) connec-
tion. As a matter of fact, there is another representation which is extensively explored
in Ashtekar’s formulation for quantum gravity. It is the loop representation [77] in which
the loop functionals ¥[7y] play the role of wavefunctions. Relation between the connection
- representation and the loop representation is given by the formal “loop transform” [77]

U = [ @WReAl, (1)

* where W(y] = W]y, m] is the Wilson loop in the spinor representation and [dAi(z)] is
some gauge- and diffeomorphism invariant measure on the space of connections. If we
use spin network states in stead of Wilson loops, this formal transformation can be made
rigorous[79] at least in the Buclidean case if we use as an invariant measure [dA: ()] the
induced Haar measure dug(A) explained in §§3.2:

e il = [ < AT T (Y > AL (72)

To find out a mathematically rigorous transformation in the Lorentzian case is left to the
future investigation because we do not know a well-defined invariant measure in this case.

By means of the transformation (7.1), the operator O¢ in the connection representation
is inherited to the loop representation as an operator Oy, which is subject to the relation:

oW =0kwhl, (13

where 1 denotes the adjoint operator w.r.t. the measure [dA%(z)]. We can exploit this

- relation when we define the constraint operators in the loop representation. Owing to

~ the existence of 1, operator ordering in the loop representation is the opposite to that in
the connection representation. A merit of the loop representation is that we can easily
implement the diffeomorphism constraint (2.30) by dealing only with the functionals of
diffeomorphism equivalence classes of loops (or of colored graphs). So we have only to
concentrate on the scalar constraint. For simplicity we will consider the Euclidean case in -
which the reality conditions for (Az)} and (7z)* are given by the usual self-adjointness
condition. . V

Owing to the relation (7.3) loop transform of the solutions in the connection represen-

. tation all yields the solutions in the loop representation. For example, the Wilson loop

- solutions tranforms to the characteristic functions of particular colored graphs[77].
- Let us now consider the loop transform of the Chern-Simons solution (6.50) with
I[Ag] = 1[41][22]. According to ref.[86], the loop transform of W{S[Ag] coincides with
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the Kauffman bracket KBa[y]®

V) = flaag e dksestes
= KBa[] |
eAGaussh]JPA[,y]’ (74)

where Gauss[y] and JP[y] denote respectively the Gauss self-linking number and the
Jones polynomial®*. The Kauffman bracket KB4[y] is thus considered to be a solution to
the WD equation in the case where the cosmological constant A is nonVaniShing. It was
also shown [41] that exp(AGauss[y]) is also annihilated by the scalar constraint § with
. A # 0. From this we can easily show that the second coefficient of the Jones Polynomial is
~ asolution to the WD equation with A = 0[23][42]. From this fact a conjecture arose that
the coefficients of the Jones polynomial are solutions to the WD equation with vanishing
_ cosmological constant[41]. It was shown, however, that the third coefficient does not solve
" the WD equation[45].
This approach of “finding solutions to the WD equation out of knot invariants” is
expected to develop as a method which complements the approach of constructing solu-

 tions from the spin network states. The extended loop representation[16] is considered to
provide us with a systematic mathematical tool for pursuing this avenue.

In this approach it is indispensable to find an invariant measure on the space of

SL(2,C) connections which makes the transform (7.1) well-defined. Otherwise the loop
representation cannot be qualified as a representation of Lorentzian quantum gravity.

7.2 The wormhole solution in N =1 supergravity

As we have seen so far, finding solutions to the constraint equations in Ashtekar’s for-
~ malism has made a steady progress. What about other formalisms of canonical quantum
gravity? In supergravity the Hamiltonian constraint and the momentum constraint are
- expressed as appropnate linear combinations of quantum commutators between the left-
- SUSY generator, L4 and the rlght SUSY generator Lz. It is therefore possible to easily
solve the constraints without recourse to Ashtekar’s new variables. In fact, starting from
the ansatz

Vel = I LA(=)La(x)g(ed), (7.5)

zeM®)

33In quantum gravity we consider the knot invariants to be extended to the knots with kinks and/or
intersections.

3In deriving the second equatlon we have used the property of SU(2) Wilson loops: Wly] = W[y~ ] =
Wl. , :
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where g(e) is a local Lorentz invariant functional of the vierbein €%, we can get a
solution[31] which is somewhat similar to the topological solutions discussed in §§6.6:

\I/WH /[de ]/[d@’ ]exp(/ d*zet L 4) exp(———;— © 2z (e?)20;,(e%)ca),

- (7.6)
‘ Where [deA(z)] and [d#*(z)] are SU(2) invariant measures and (e?)¢ denotes the vierbein
which is obtained from eZ by the left-handed local Lorentz transformation generated by
' 0'(z). By investigating its reduction to the spatially homogeneous model, it turns out
that this solution should be interpreted as a worm-whole state[31].

7 3 Remalnlng issues

In this paper we have looked mto the developments in the program of solvmg the Wheeler-
De Witt equation. We have seen that, up to now, we have found several types of solutions
to the WD equation. In order to complete the program of canonical quantum gravity in
terms of Ashtekar’s new variables, however, there still remain several problems aside from
ﬁndirig complete set of solutions. We will conclude this paper by listing a few of these
problemS' : :
1) Regularization and operator ordering. The solutions obtained so far are formal in
the sense that we have worked with constraint equations which are not, or which are at ‘
most incompletely, regularized. In order to obtain mathematically rigorous solutions, the
constraint operators must be regularized correctly. The problem of operator ordering con-
sidered in §§2.2 is in fact meaningful only when we regularize the constraints. It is desirable
that the regularized constraint operators should form a closed commutator algebra and, in
particular, that they should respect the covariance under spa.tlal diffeomorphisms.% It is
likely that the regularization which satisfies this condition, if any, should be independent
of artificial background structures. At present, the extended loop representation[16] seems
to be the only candidate which enjoys this property. However, it is possible that anoma-
lies inevitably appear in the quantum commutator algebra. Because Dirac’s quantization
cannot apply in this case, a modified treatment of the constraint is required[66] as that
of the Virasoro constraints in string theory. Anyway, a remarkable statement was made
. in‘ref.[66] that the topological solutions still remains physical states even in the presence
of*anomalies, if an appropriate modification of the quantization procedure is made.

35In Dirac’s quantization we usually require the quantum commutator algebra of constraints to close
- in order to ensure the solvability of constraint equations. One might consider this closedness condition
to be redundant in quantum gravity because we have already found solutions at least heuristically. The
author thinks, however, that the existence of the Wilson-loop solutions is not sufficient to guarantee the
existence of phisically intriguing solutions. While there may have not been any signals of anomalous
terms in the analysis made so far on the spin network states, this is possibly due to the simple structure
of the space of spin network states defined on piecewise-analytic graphs.
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- d3zNeY, = [ dsN® lim — ~
J fdsN*(a(s)) lim =5z _,

. Figure 5: Action of the vector constraint on a parallel propagator.

2) How to deal with the diffeomorphism constraint? In §4 and §5 we have solved only
the integrated diffeomorphism constraint (3.21). In order to assert that we have solved
the diffeomorphism constraint (2.30), however, this is not sufficient. The action of V, on »
 the parallel propagator is calculated as

[ @aN@)Du(e)halo, 1] = / dsN%(a(s)) & (5) A (@, a())hal0, 1], (77)

This is _vlsua,hzed for example in figure 5 as the difference between the results of inserting
infinitesimal loops which are sitting in the direction of ¢(s) and which are stretching
toward the opposite directions. Thus in a microscopic viewpoint this may change the
differential topology of curves. When we deal with piecewise analytic graphs, no problem
arises because this operation is not well-defined (appendix C of [10]). However, because
it is-almost definite that in quantum gravity we should work ‘with graphs which are not
p1eceW1se analytic, it is possible that different treatments yield different results. Roughly
speaking there are two options: i) consider only the integrated version (3.21) as relevant;
~ i) solve the entire equation (2.30) by appropriately regularizing the expression like (7.7).
It'is’ then pdssible that only combinatorial topology of the graph is relevant and that
some solutions are given by approriate extensions of the combinatorial solutions to non-
piecewise analytic graphs. While in §4 and §5 we have followed the attitude i), the
discussion in ref.[42] seems to based on ii). Anyway, what is the correct treatment of V,
‘will be ﬁnally determined by some physical requirement.

3) The physical inner product. This problem is a central problem in Ashtekar’s for-
malism because it is closely related with that of implementing the reality conditions. Asis
briefly explained in §§3.4 a plausible candidate for the physical inner product is the Wick
rotated measure [84]. The problem is whether it is appropriately regularized because this

. measure is induced by the Wick rotator which involves a non-polynomial functional of
‘conjugate momenta. |
4) Finding physical observables. Not only the physical inner product but also physical
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observables are necessary to extract quantum gravitational information from solutions to
the constraints. We know however little about them because the diffeomorphism invari-
ance vseverel'y’restricts the possible form of observables. In the matter-coupled gravity,
- ‘area and volume operators are expected to provide a large set of physical observables. In
the topological sector, namely the sector which is described purely by SL(2, C) BF theory,
a set of nonlocal observables can be constructed by using the BRST descent sequences[28].
_ However, what we are interested in is a set of physical observables which measure e.g.
/. graviton excitations efficiently. Unfortunately, as far as the author knows, such a set has
not yet been discovered. »

. It is not likely that these problems are resolved separately, because they are intimately
related with each other. While it seems to take great efforts to solve these formidable
issues, we have a flash of hope. The existence of the topological solutions guarantees

- that our labors toward this direction will not be wasted. We expect that a true theory of

quantum gfavity will appear as an extension of this program of nonperturbative canonical
quantum gravity. '
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. . (-)i
Appendlx A The projector F,;

Here we provide the definition and some properties of the projector Pég)i. First we define
the projection operator P(_),/O(‘,ﬂ into the space of anti-self-dual Lorentz bi-vectors:

o 1, . o . a
PO = 2(575? — 8385 —ie* ), (A1)

~where €7 is the totally anti-symmetric pseudo tensor with €% = €' = 1. We use
the metric (n.5) = (n*#) = diag(—1,1,1,1) to raise or lower the Lorentz indices. This
projection operator possesses the following properties

‘ = —§€ o B P( )aﬂ 2P( )/516 = P( L?Z'P(—?y%ﬁ . (AZ)
The projector P("Z,fﬂ is defined as

i 1 .
P& = 5 (0085 — 830% —ic” )

= 2PUN% = ik plik, (A3

This projector satisfies the following identities
: P(—)fa P(—)iaﬂ — __P(‘Z/‘;ﬂ | , (A4)
% P(‘)" P(-)j _ %eiﬂc p(—)k 5%& a (A.5)

Usmg this projector we can give the relation between SO(B 1) representation A* g and
S 0(3 C) representatmn A of the (proper orthochronous) Lorentz group:

A9 = — POV A AP PO - (A.6)
This SO (3 C) representation is obtained as the adjoint representation of S’L(2 C):
. . ( eka)qq)JJ; — 60 Jk(DJJ] —6*% Jk’ - (A7) ‘

where (J)7 = ¢/ is the SL(2,C) generator in the adjoint representation.

| Apf)"er‘l‘dix B Invariant measures on SU (2) and SL(2,C)

Here we give useful formulae for the invariant measures on SU(2) and SL(2, C), namely,
- the Haar measure and the (averaged) heat-kernel measure. As for detailed discussion
on measures on general compact Lie groups and on their complexifications, we. refer the
reader to refs.[30] and [46]. | ’

For simplicity we will consider only finite dimensional representations, namely unitary
‘representations in SU(2). Because any unitary representation is equivalent to the direct
* sum of a finite number of irreducible representations, it is sufficient to deal only with
1rreduc1b1e representations, i.e. spin-£ representations 7, (p € Z)."
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B.4 The Haar measure on SU(2)

The Haar measure du(g) on SU(2) (g € SU(2))is completely determined by the following
two conditions[30]:

normalization : / du(g) =1 (B.1)
bi-SU(2) invariance : du(highs) = du(g), (B.2)

. where h1 and hy are some fixed elements of SU(2). By exploltmg the unitarity m,(g);
(g, (I, =1,...,p+ 1), we immediately find

!

: / N O e L (83)

This formula plays a fundamental role when we consider the measure on SU(2) gauge
theories.

While eq.(B.3) sufﬁces for any computation of inner products or expectatlon values
in the framework of spin network states, it is sometimes convenient if we know formulae
in terms only of the spinor representation VA3 = m (V)4 5. Their computations are
straightforward if we use the property eacVA3VC, = epp. We provide only two main
results.. One is

© ' 1 m
du(V)VA VA . VA = Aore-1ozn e . (B4
/ U( ) B Y Va Bam (m + 1)!m!2m GEZP;". ’g Bogk_1Boy ( )
where m is a non-negative integer and P, denotes the group of permutations of n entries.
The integration vanishes if the integrand is the product of an odd number of copies of
spinor representation. The other is '

’ /dN(V)VA(lB VA" )V (Dl VCB,.,,) = 5 1m6(A1 501.)5(31 63:) (BS)
In de'ri_v‘ing‘ the lattve:r equation we have used the unitarity

We should notice that eq.(B.3) and eq.(B.5) are two different reahzatmns of the same
formula.-

B.5 ‘The heat-kernel measure on SL(2,C)

While the Haar measure provides a useful basis for the inner product on compact gauge
theories, its analogue does not exist for complexified gauge groups such as SL(2,C).
 However, there is a candidate for the well-defined measure on complexified gauge groups.
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This was discovered by Hall[46] in the context of extending the coherent state transform
to compact Lie groups.
The key ingredient is the coherent state transform

C, : L*(SU(2),du) — L*(SL(2,C),dv) N H(SL(2,0))

(t > 0) from the space of functions on SU(2) which are square-integrable w.r.t. the Haar
measure du to the space of holomorphic functions on SL(2, C) which are square-integrable
w.r.t the “averaged” heat-kernel measure dv;. Explicitly C, is given by

CIFl@) = [, W@F@ea), (B.6)

where F(z) € L*(SU(2),du) and g € SL(2,C). p(g) is the analytic continuation to
SL(2,C) of the heat kernel for the Casimir operator A = X;X; on SU(2):3
. . L . _
'('Ept(x) = §Apt.($) | . ‘
limpde) = do,1) ®7)

For our purpese the following theorem is the most important:

Theorem?2 (Hall [46]): The coherent state transform C; is an isometric isomorphism
of L*(SU(2),du) onto L2(SL(2,C), dv:) ﬂ’H(SL(Q C)).

We can express this theorem by

dn(@CIFIQCIF)9) = [ w@F@F@). (B8

: /.S'L(Z,C) /SU(2)

In order to obtain the explicit formula we further need eq.(30) of ref.[46]

Clr@l@ =@, (B9

Using these results and eq.(B.3) we find the desired formula:

N ) pet2)
/th(g)Wp(g)I Iny(g)p” = —BL-¢ 51'5J ‘ (B.10)

p+1 .
For the explicit expression of du;, we refer the reader to [46]. Here we only say that dv; is
essentially the heat-kernel measure on SL(2,C)/SU(2) which is bi-SU(2) invariant and

left-SL(2, C) invariant, and that they are defined by using the Laplace Beltrami operator
on SL(2,C).

%8 X; stands for the left-invariant vector field corresponding to the SU (2) generator J;. A can be
regarded as the Laplace—Beltram1 operator on SU(2)
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Appendix C Basic action of the renormallsed scalar
constraint

Here ‘we list the action of the renormalized scalar constraint $™"(N) on the basic config-
urations in terms of the graphical notation. We will denote the parallel propagators along
the curves o and § by an upward vertical arrow and a horizontal arrow oriented to the
right respectively. For example, we write the tensor product of the propagators along o
and ﬁ as follows 37

Il
v ]

ha[oa 1]A Bhﬂ[oa 1]C’ b

A REEE N (oh))

" As is seen in §§4.1, we have only to concentrate on the action at vertices. In the
- present case the only vertex is at z¢. In the following we provide some of the basic actions
on the regular four-valent vertex zo in the graphical notation. The dot in the diagram
denotes the the location in which the magnetic field n - B is inserted. Using equations
(C.2-8) and identities(3.30)(3.35) (3.36), we can write out all the basic action, namely the
action of the renormalized scalar constraint $™*(N) on any single propagator and any
pair of propagators, in the regular four-valent graph. '

- - r ™~

Sren ( N ) I_B = I—B ’

L. A | J L A ) o (02)

: Sgen(]’y) o p| =9 |c ' D — C______l ol ,

37We will assume that o and § intersects once at 29 = a(so) = B(to).
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